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A candidate gene approach was used to identify potential genetic markers 
-----~-
associated with wool quality traits including mean fibre diameter (MFD), fibre diameter 
standard deviation (FDSD), coefficient of variation of fibre diameter (CVD), prickle 
factor, curvature, yellowness, brightness, staple strength, staple length, yield, greasy 
fleece weight (GFW) and clean fleece weight (CFW). Inheritance of potential genetic 
markers was studied in two half-sib Merino families and assessed for association with 
the wool quality traits. The sire for one of the half-sib families is referred to as MV144-
58-00, and wool measurements from its progeny were taken at 12 (n = 131),24 (n 
=128) and 36 (n = 37) months of age. The sire for the second half-sib family is referred 
to as Stoneyhurst, and wool measurements from its progeny (n = 35) were taken at 12 
months of age. 
Genes that code- for the keratin intermediate-filament proteins (KRTs) (KRT1.2, 
KRT2.10) and the keratin intermediate-filament-associated proteins (KAPs) (KAPl.1, 
KAPl.3, KAP3.2, KAP6.1, KAP 7, KAP8) were targeted for this investigation, along 
with the beta 3-adrenergic receptor (ADRB3) gene and microsatellites BfMS and 
OarFCB193. 
Polymerase chain reaction (PCR) was used to amplify specific DNA fragments 
" ------ ----" --
from each locus and PCR- single strand conformational polymorphism (PCR-SSCP) 
(-;nalysis w~;-~s~d to detectpolymorphislll within the half-sib families for all the lo~i, 
, 
except for the KAP1.1 gene, where length polymorphism was detected using agarose 
gel electrophoresis. Only the loci that were heterozygous for the sire (KAP 1.1, KAP 1.3, 
KRT1.2, ADRB3, KAP8) and hence were informative, were genotyped in the progeny. 
ii 
The total nUIl!12er of alleles observed at the KAPl.1, KAPl.3, KRTl.2, KAP8 and the 
~~- ~-~----.--- --- t--... _._- --- .----~--------~-.... ~~.-.... - .......... 
ADRB3 loci were four, ten, six, five and six, respectively. 
Analysis of-~~~h-~fthe info~ative loci revealed allelic associations with various 
wool traits. In the MV144-58-00 (genotypes KAPl.1 AB; KAPl.3 BD; KRTl.2 AB; 
ADRB3 CE) half-sib, inheritance of the KAP1.1 A allele was associated with a higher 
------~-------.. -.-"'" ~yield at 24 months of age (P = 0.037). This trend was also observed at 36 months of age 
.. -"---~~-----------"'-
" (P = 0.078). At 12 months of age, the KAP1.1 A allele tended to be associated with 
increased staple length (P = 0.08). At 36 months of age, the inheritance of the KAP1.1 B 
allele tended towards being associated with whiter wool (P = 0.080). The MV144-58-00 
KAP1.3 D allele tended to be associated with increased yield at 24 and 36 months of age 
(P = 0.091 and 0.059, respectively), and with lower FDSD at 12 months of age (P = 
0.055). The sire KAP1.3 B allele was associated with whiter wool colour at 36 months of 
age (P = 0.045). The inheritance of the MV144-58-00 KR T1.2 B allele was associated 
with or tended to be associated with a smaller FDSD (P = 0.040), an increase in staple 
strength (P = 0.025) and an increase in GFW (P = 0.069) at 12 months of age. At 24 
months of age, the KR T1.2 B allele tended to be associated with increased yield (P = 
0.057). At 36 months of age, the KRTl.2 A allele was associated with whiter wool (P = 
0.019) and tended to be associated with increased crimp within the wool fibre (P = 
0.089). 
iii 
In the Stoneyhurst (genotypes KAPl.1 BC; KAPl.3 CJ; KRTl.2 DE; ADRB3 CE) 
half-sib, inheritance of the KAP1.1 B allele was associated with longer staple length (P = 
0.018) and a decrease in wool brightness (P = 0.039). In contrast, KAP1.1 C allele was 
associated with lowest staple length (P = 0.018) and brighter wool colour (P = 0.039). 
Associations observed with the inheritance of Stoneyhurst KAP 1.1 alleles were similar to 
the inheritance ofKAPl.3 alleles. Stoneyhurst KAPl.3 J allele was associated with longer 
staple length (P = 0.017) and a decrease in wool brightness (P = 0.010). In contrast, 
KAP1.3 C allele was associated with lowest staple length (P = 0.017) and brighter wool 
colour (P = 0.010). The Stoneyhurst KRT12 D allele was associated with longer staple 
length and a decrease in wool brightness (P = 0.033). In contrast, KRTl.2 E allele was 
associated with lowest staple length (P = 0.033) and brighter wool colour (P = 0.022). 
Sire alleles at the ADRB3 gene locus were associated with variation in staple 
strength (P = 0.025) for MV144-58-00's progeny, and with variation in yield (P = 0.023) 
for Stoneyhurst's progeny. 
iv 
The results obtained in this thesis are consistent with KAP 1.1, KAP 1.3 and KR T1.2 
being clustered on one chromosome because both sires in this study passed on two major 
KAP1.1-KAP1.3-KRT1.2 haplotypes to their progeny, and the associations with wool 
traits were very similar for all the three loci. The major sire derived KAPl.l - KAPl.3 -
KRT1.2 haplotypes observed within the MVI44-58-00 half-sib were: BBA (frequency of 
43.4%; n = 43) and ADB (frequency of 44.4%; n = 44). Other minor haplotypes observed 
were: ADA (frequency of 4.0%; n = 4); BDA (frequency of2.0%; n = 2); BBB (frequency 
of3.0%; n = 3) and BDB (frequency of3.0%; n = 3). In the Stoneyhurst half-sib, major 
sire-derived KAP 1.1 - KAP 1.3 - KR Tl.2 haplotypes observed were CCE (frequency of 
53.1 %; n = 17) and BJD (frequency of 40.6%; n = 13). The minor haplotype BJE 
(frequency of 6.3%; n = 2) was also observed. 
Statistical analyses within the MVI44-58-00 half-sib showed that KAP1.1 A-
KAP1.3 D - KRT1.2 B haplotype was associated with increased yield (P = 0.023) and 
---------------......----------------~~---~--- - - - -
tended towards whiter wool colour (P = 0.059), smaller FDSD (P = 0.081) and stronger 
staple strength (P = 0.092). In the Stoneyhurst half-sib, the KAP 1. 1 B - KAP1.3 J -
KRT1.2 D haplotype was associated with longer staple length (P = 0.010), while the 
-=-~~__ _ >L-__ 
KAP1.1 C - KAP1.3 C - KRT1.2 E haplotype showed a strong trend with increased wool 
brightness (P = 0.096). 
Result from this study indicated that the keratin genes on chromosome 11 are 
recombining relatively frequently at recombination "hotspots". A high rate of 
recombination among loci that impact on wool traits would make breeding for consistent 
wool quality very diffi~ult. 
The results presented in this thesis suggest that genes coding for the KRTs and KAPs 
.-~~- --- .. - .. -
hav~ the potential to impact on wool quality. KAP1.1, KAP1.3 and KRT1.2 could 
---- --- ----."- .,. -. - --,~ 
potentially be exploited in gene marker-assisted selection programmes within the wool 
industry to select for animals with increased staple length, 'increased staple strength, higher 
yield and brighter wool. This study was however limited to two half-sib families, and 
further investigation is required. 
KEYWORDS: Wool, traits, keratin, genetic marker, half-sib, PCR, SSCP, 
polymorphism, sheep, keratin intermediate-filament protein (KRT), keratin-associated 
protein (KAP), haplotype, recombination, hotspot. 
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Presence of a localised reduction in tensile strength along the staple 
of a fleece. Wool with a break in it is said to be "tender". 
Quantity of shorn wool from a defined area (farm or locality) or 
group of sheep. 
The curls of the fibres along the wool staple. 
An estimate of the crimp in a sample of wool. 
A female sheep. 
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The coat of a sheep. 
The wool from a single sheep in the shorn greasy state. 
Wool as shorn from sheep, not washed or scoured. 
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Glands attached to all primary and some secondary wool follicles 
and which secretes wax. Merinos, with a higher ratio of secondary 
follicles, produce greater quantities of wax when compared to 
coarse-woolled sheep. 
The act of removing wool from sheep by machine or blades. 
A ram that is a father. 
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Small cluster of wool fibres within a fleece. 
The visual assessment on wool, such as crimp frequency, colour and 
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Natural water soluble impurities such as potassium salts secreted 
from the sweat gland attached to the wool follicle present in the raw 
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A non-sex chromosome. 
Refers to the 5' terminus of a eukaryotic mRNA molecule 
which carries a methylated guanosine derivative, 
7-methylguanosine (7-MeG). 
Threadlike strand that is composed of the nuclear DNA of 
eukaryotic cells and is the carrier of genetic information. 
Those parts of a split gene that contribute to a mature RNA 
product. 
A segment of DNA containing the information for a single 
polypeptide or RNA molecule, including transcribed but 
non-coding regions. 
An error of recombination which results in the non-
reciprocal transfer of DNA to a homologous region. 
Variable piece of DNA sequence that is associated with a 
particular phenotype. 
A combination of alleles at multiple linked loci that are 
transmitted together. 
Also referred to as intevening sequences, these are non-
coding sections of DNA that are spliced out once gene has 
been transcribed. 
RNA molecule that specifies the amino acid sequence of a 
protein. 
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has elevated rates of meiotic recombination. 
Silent nucleotide A susbtitution of a nucleotide within coding DNA that 
substitution: results in the same amino acid in the same polypeptide upon 
translation. 
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Chapter 1 Literature review 
1.1 Introduction 
Wool is a commodity that is widely used throughout the world to produce clothing, 
bedding, carpets and other interior textiles. The quality of these products depends on the 
quality of the wool grown on farm. The many different synthetic fibres that have been 
developed to meet consumer desires, including being lightweight, soft and easy to care for 
are challenging the wool fibre industry. Importantly, synthetic fibres have consistent 
quality and are therefore easier and less costly to process. Wool, in comparison, is a non-
homogenous product, having a large variation among breeds, between flocks within a 
breed, between sheep within a flock, within single fleeces and within individual staples. 
This makes it very difficult for wool growers to produce a consistent product. The 
production of coarser fibres in fine wool breeds, low wool strength (fleece tenderness), 
fleece discolouration (yellowing) and occurrence of pigmented fibres all limit wool 
processing and therefore, the end uses of wool. Faulty wool often incurs monetary 
penalties and therefore, "on-farm" returns are generally reduced for poor quality wool. 
Clearly, wool producers need to find innovative ways to deliver more consistent wool 
quality. 
At present farmers use selective breeding in order to improve the quality of wool. 
Sheep with the best wool characteristics are selected to be the breeding stock of the next 
generation. The desired goal ofthis strategy is the accumulation of "good" forms of 
"wool" genes in the population over time. Each animal is assigned a breeding value (BV), 
which describes the future genetic potential of an animal. It is calculated by adjusting 
phenotype to exclude factors such as birth rank, lambing status and sex in order to give an 
estimate of genetic merit. This BV is estimated using a combination of the wool 
characteristic from the animal and its relatives (Ryder and Stephenson, 1968; Goddard, 
2002). Since wool traits are only fully expressed when a sheep is mature, at least one year 
old for some traits, genetic progress using phenotypic selection and pedigree information is 
relatively slow. The accuracy of describing a sheep's genetic potential for producing 
quality wool could be increased by the use of genetic markers that are associated with wool 
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quality traits. Individual sheep could be genotyped at loci associated with particular wool 
traits and such information could be added to the phenotypic and pedigree data (Fernando 
and Grossman, 1989). The use of genetic markers in the wool industry would allow earlier 
assessment of an animal's potential and increase the accuracy and efficiency of selection. 
The keratin intermediate-filament proteins (KRT) and keratin intermediate-
filament-associated proteins (KAP) or matrix proteins are the major proteins constituents 
that make up the wool fibre. A large amount of variation has been observed in these 
proteins, and it is notable that such heterogeneity is still present despite thousands of 
years of selective breeding to improve the quality of the wool fibre and to reduce 
variation. Many studies have described genetic variation within genes that code for the 
KAP, including those ofBeh et ai., 2001; McKenzie, 2002; McLaren et ai., 1997; Parsons 
et ai., 1992; Parsons et ai., 1993; Parsons et ai., 1994b; Parsons et ai., 1996; Rogers et ai., 
1993; Rogers et ai., 1994b. The association of genetic markers for the KRT proteins and 
KAPs has been reported with variation in fibre diameter (Parsons et ai., 1996; Beh et ai., 
2001), staple strength (Rogers, 1994; Rogers et ai., 1994a), and wool colour and 
brightness (McKenzie, 2002). 
This study investigated whether genetic variation at certain keratin gene loci and 
other non-keratin loci, impacts on wool quality. In total, eleven loci were investigated, 
which included two KRT gene loci, six KAP gene loci, two microsatellites and the beta 3-
adrenergic receptor (ADRB3) gene. The BtMS microsatellite was included in the 
investigation because a study by Bot et ai. (2003) significantly associated two alleles at the 
BtMS locus with variation to CFW and GFW. Buchanan and Crawford (1993) identified 
twelve alleles at the OarFCB193 locus, and a study by McKenzie et ai. (2001) reported 
evidence of association of the OarFCB 193 locus with variation in wool colour and 
brightness. The ADRB3 gene was included in the study because it is known to be involved 
in energy partitioning, and therefore could affect the metabolic activity of the wool follicle 
and impact on wool production. 
1.2 What is wool? 
The term wool is generally accepted as the generic description of the natural fibre 
of domesticated sheep (Ovis aries), although it is also used as the generic name of hair 
from animals such as goat, camel, vicuna, alpaca, angora rabbit and yak (Hocker, 2002). 
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Wool grows from follicles on the sheep's skin in the same way that hair grows on human 
skin. Wool fibres -Erotect s~eep from their harsh environment (sun, heat, cold, wind, and ') 
rain) and are resistant to sunlight, ultraviolet radiation, heat and fire (Sheep Wool ( 
Production, 1987; Leeder, 1984). In addition, wool has excellent insulative properties and ) v" 
sheep do not appear to feel damp under their wool, even when they are wet (Leeder, 1984). J 
The unique characteristics of wool are due to its chemical and physical properties. 
Humans have long recognised the benefits of wool and have learnt how to make 
clothing by spinning it into yam and weaving that yam into fabric. Although wool was 
initially used for clothing, today it has a wide range of uses including bedding, carpets and 
other interior textiles. 
The most important wool traits for the apparel industry include fibre diameter, staple 
strength, colour (lack of pigmented fibre) and staple length, In the manufacture of carpets, ( 
colour is of prime importance followed by bulk, staple length and staple strength. The ) 
relative importance of these, however, depends on the end product. 
1.3 The morphological structure of the wool fibre 
The wool fibre is produced by a follicle. There are two follicle types, primary and 
secondary. In Merino sheep, primary follicles begin to develop in the foetus at 70 days in 
a trio pattern, characterised by a central primary and two lateral follicles (reviewed in 
Rogers, 2006). Primary follicles have large multi-lobed sebaceous glands which secrete 
water- insoluble wool W(iX, an errector muscle and sweat glands which secrete sweat that 
contains water soluble substances such as potassium salts (reviewed in Rogers, 2006). 
This sweat is also referred to as suint. Only a proportion of secondary follicles are 
associated with a sebaceous gland, which only has single lobe. Secondary follicles have 
no associated sweat glands. 
Follicles are typically grouped into distinct clusters no more than 1.5 mm wide 
containing the three primary follicles and a variable number of smaller secondary 
follicles. The more secondary follicles there are in a group, and the smaller and closer the 
groups are arranged to each other, the higher the fibre density and fleece weight. 
The population of follicles varies between breeds of sheep and is genetically 
controlled. In long-wool sheep breeds such as the Wiltshire, primary follicles are 
relatively much larger than secondary follicles and produce fibres that are of greater 
diameter and often medullated (reviewed in Rogers, 2006). In Merino sheep, selective 
breeding has reduced the difference in size between primary and secondary follicles and 
increased the abundance of secondary follicles resulting in finer fleeces with a more 
unifonn fibre diameter (reviewed in Rogers, 2006). 
Through a microscope, a wool fibre is seen to contain three main structures: the 
cortex, cuticle, and in some coarse wools, the medulla (Onions, 1962). Figure 1.1 shows 
the morphology ofthe Merino wool fibre (non-medullated wool), depicting the cellular 
and biochemical structure. The major cell types that make up these structures differ in 
morphological location, dimension, function and biochemical composition and are 
discussed briefly below (see review by Marshall et at., 1991 for more detail). 
The cuticle 
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The cuticle consists of flattened cells that are 30 J.lm long, 20 J.lm wide and 0.5 - 0.8 
J.lm thick (Hocker, 2002). These flattened cells are also known as scales and help protect 
the cortex. The cuticle cells overlap each other, and transmission electron microscopy has 
revealed that the cells have a laminated structure, comprised of three layers; the epicuticle 
(outennost layer), the exocuticle (middle layer) and the endocuticle (innennost layer) 
(Figure 1.1). The layers contain a variety of proteins and polysaccharides. 
The epicuticle, which is about 2.5 nm thick and amounts to ~ 0.1 % ofthe fibre 
weight, plays a dominant role in detennining the surface chemistry of the fibre (Leeder, 
1986). As well as being hydrophobic (hence rendering the fibre impenetrable to water), the 
epicuticle is also chemically resistant (Marshall et at., 1991; Hocker, 2002) and able to 


























Figure 1.1 Schematic diagram ofa Merino wool fibre showing the major structural features of non-medullated wool (Adapted from Marshall et al., 1991). 
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The cortex 
The cortex comprises 90% of the fibre and consists of the micro fibrils embedded in 
a matrix ofKAPs. The cortical cells are responsible for the major physical properties of 
wool. They are spindle-shaped, 45-95 J.lm long and 2-6 J.lm wide (Hocker, 2002). Three 
different types of cortical cells exist; orthocortex, paracortex and meso cortex (Hocker, 
2002). The latter is considered an intermediary cell type between ortho- and para-cortex. 
The gro~th of!!1e WQoLftbre i~ kn9~1!~0~~ymmetric. This ~tsfrom thedifference 
in tension between the paracortex (which starts its hardening earlier) and the orthocortex. 
This asymmetry in growth produces crimp, a typical characteristic of wool. 
The cortex contains both fibril-structured keratin intermediate filament proteins 
which have large molecular size and keratin intermediate-filament-associated proteins of 
lower molecular size. 
The medulla 
The medulla consists of an air-filled network of membranes in the centre ofthe 
fibre and is surrounded by the cortical cells (Onions, 1962). This central core is generally 
only found in medium and coarse wool fibres (Ryder and Stephenson, 1968). 
1.4 The biochemical composition of the wool fibre 
Over the years, there has been an evolution in the nomenclature of wool proteins. 
Powell and Rogers (1994) proposed a nomenclature for the keratin proteins and genes. In 
this nomenclature, the proteins that make up the micro fibrils are referred to as keratin 
intermediate-filament proteins (KRTs), while those that make up the matrix are referred 
to as keratin intermediate-filament-associated proteins (KAPs). Each protein or gene 
family is given a number and although the exact number of wool proteins is not known, 
electrophoretic studies suggest there may be as many as 100 (Powell and Rogers, 1986). 
Table 1.1 lists both the old and new nomenclature of wool proteins. In this thesis, the 
nomenclature proposed by Powell and Rogers (1994) is used. 
Table 1.1 Classification ofthe sheep wool protein gene families. 
Group Protein Family 





Adapted from Plowman, 2003. 
Old name 
LS Type 1 (8a, 8b, 8c-l, 8c-2) 
LS Type 2 (5, 7a, 7b, 7c) 







HGT type I C 2 




KRTAPl.n or KAPl.n 
KRTAP2.n or KAP2.n 
KRTAP3.n or KAP3.n 
KRTAP4.n or KAP4.n 
KRTAP5.n or KAP5.n 
KRTAPI0.n or KAPI0.n 
KRTAP6.n or KAP6.n 
KR TAP 7 .n or KAP7.n 
KRTAP8.n or KAP8.n 
KRT = keratin intennediate-filament protein, IF = intennediate filament, LS = low-sulphur, KRT AP or 
KAP = keratin-associated_protein, HS = high-sulphur, UHS = ultra-high-sulphur, HGT = high-glycine-
tyrosine, n = represents a number which indicates which member of the protein family being referred to. 
The keratin intermediate-filament proteins (KRTs) 
The KRTs form the skeletal structure of the wool fibre (microfibrils) and are 
embedded in a matrix of KAPs (Powell and Rogers, 1986) through disulphide cross-
linkages (Powell, 1996). The microfibrils are synthesised in the epithelial tissue and are 
known as the "hard" a-keratins. These are comprised oflow-sulphur polypeptides which 
'- ---.-~ --~ -,,"--=~ 
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are divided into two families called Type I keratins (KRT1) and Type II keratins (KRT2) 
(Powell, 1996). Wool KRTls are acidic and vary in size from 392-416 amino acids, while 
KRT2s are neutral and range in size from 479-506 amino acids (Powell and Rogers, 1994; 
Powell, 1996). 
Electrophoretic studies have shown that the KR Ts are composed of eight low-
sulphur polypeptide subunits (Dowling et at., 1979), four in each of the Type I and Type 
II classes (Powell, 1996). The ~Is are the largest proteins in wool with molecular 
weights in the range of 45-58 kDa (Woods, 1979). Amino acid analysis indicates that the 
low-sulphur polypeptides have high concentrations oflysine, aspartic acid, glutamic acid 
and leucine and this favours a-helix formation. The polypeptides have relatively low 
concentrations of cysteine and proline (Marshall et at., 1991). Although the wool KRTs 
contain low levels of sulphur, their end domains have many cysteine residues to allow 
them to cross-link to the proteins of the wool matrix (KAPs) through disulphide bonds 
(Powell, 1996). 
The keratin intermediate-filament-associated proteins (KAPs) 
The matrix consists ofKAPs which have a large degree of protein heterogeneity 
and are divided into three groups based on their amino acid compositions; high-sulphur 
(HS), ultra-high sulphur (UHS) and high-glycine-tyrosine (HGT) KAPs (Powell and 
Rogers, 1994; Gillespie, 1990). ,~eir genes lack introns and they usually occur in gene 
clusters (Parsons et at., 1994c). The majority of genes coding for the KAPs have a 
conserved 18-bp sequence (Figure 1.2) that varies slightly, immediately 5' to the 
initiation codon (Frenkel et at., 1989; Kuczek and Rogers, 1987). This suggests that 

























Figure 1.2 Conservation of 18 bp sequence immediately 5' to the initiation codon in the 
genes encoding matrix proteins of the wool fibre cortex. The KAP 1.1 nucleotide sequence 
is presented as the model sequence and only differences in the other genes are shown. 
Common nucleotide identity is indicated by a dash, and deletions by a dot. Sequence data 
from Kuczek and Rogers (1987); Frenkel et at., (1989), and Rogers (1994). 
High-sulphur proteins 
The HS KAP family includes all the sulphur-rich proteins with less than 30 mol% 
cysteine (Powell, 1996). HS proteins also have a high concentration of proline, threonine 
and serine, and low concentrations of methionine, lysine and histidine (Marshall et at., 
1991). The HS KAPs occur at reh,ltivelyJligh_concentrations._inJh~.1?aracortex when 
~<-=-_""o~_~~ __ ~~ ____ -_., :-,_ _ ____ ,---.--c------ -~_ 
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compared to the orthocortex (Rogers, 2006), and are encoded by three multigenes 
families referred to as KAP 1.n, KAP2.n and KAP3.n. The molecular weight of the 
KAP1.n family is approximately 19 kDa, while that ofthe KAP2.n is approximately 16 
kDa. The KAP3.n family has a molecular weight of approximately 11 kDa (Frenkel et at., 
1989; Marshall et ai., 1991). The KAP1.n family comprises four known proteins, referred 
to as KAP1.1, KAP1.2, KAP1.3 and KAP1.4, of 171, 156, 151 and 181 amino acids in 
length, respectively. 
Ultra-high-sulphur proteins 
The UHS KAPs have an extremely high content of cysteine (>30 mol% cysteine) 
(Powell, 1996), with molecular weights ranging between 16 and 28 kDa (Marshall and 
Gillespie, 1976). These proteins comprise three multi gene families: the cortex-specific 
KAP4.n family, the cuticle-specific KAP5.n family and cortex-specific KAP9.n family. 
High glycine-tyrosine proteins 
The HGT KAPs are found in relatively high concentrl!.tion~intheorthQc()rtex 
~.....-~-~-~~~~.--,-",,-- -- -
when compared to theparacortex (Rogers, 2006). They are rich in glycine, tyrosine and 
~--
serine amino acids,-and aretlie smallest KAPs with molecular weights between 6 and 9 
kDa (Powell and Rogers, 1994). The HGT KAPs possess the most significant variation in 
the wool fibres, and are divided into two classes (Type I an? Type II) on the basis of 
solubility and amino acid composition (Marshall et at., 1991). Type I is encoded by the 
KAP6.n multi gene family, which is less soluble and contains relatively low 
concentrations phenylalanine and more cysteine. Type II is encoded for by unique genes 
ofKAP7.n and KAP8.n that are less soluble and contain relatively high concentrations of 
phenylalanine and less cysteine. 
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1.5 Factors affecting the quality and quantity of wool 
Genetic and environmental factors both playa major role in the quantity and 
quality of wool produced by a sheep. Although the genetic component is important, the 
rate of wool growth and the characteristics of the wool fibre produced are also determined 
by the breed of the sheep, the level of feeding, the age and gender of the sheep, time and 
frequency of shearing and health status of the sheep (Sumner and Hawker, 1986). 
The effect of breed on wool characteristics 
The choice of breed has a large influence on wool characteristics. New Zealand's 
sheep breeds may be categorised as "Romcross" (Romney, Coopworth), "Medium" 
(Medium Peppin Merino, Corriedale, New Zealand Halfbred), "Fine" (Merino), 
"Medullated" (Drysdale), "Higher-bulk" (Perendale), "Crimpy" (Cheviot) and "Lustrous" 
(Border Leicester, Lincoln) (Elliott, 1985). Table 1.2 shows the typical characteristic 
values for New Zealand's main wool categories. "Romcross" fleece wools typically have 
good fibre length, strength, colour and a fibre diameter range from 33-37J.1m (Elliott, 
1985). They are used to produce quality carpets, blankets and heavy woven apparel. 
"Medium" and "Fine" breeds produce wool with a lower fibre diameter, and hence are 
suitable for the production of high quality apparel, as the fabric produced from these fibres 
feels soft and smooth against the skin. "Medullated" wools have the coarsest fibre 
diameter, and are almost exclusively used for the manufacturing of carpet (Elliot, 1985). 
Nutrition and amino acid intake in relation to wool production 
Nutrient supply and genotype are two ofthe most important factors influencing 
both the quantity and quality of wool produced by a sheep (Hemsley and Reis, 1985). The 
extent to which sheep express their genetic potential for wool production is directly related 
to the supply of nutrients to the follicles (Botkin et at., 1988) and a number of studies have 
shown that there is an increase in wool growth as feed intake increases (Wiggins, 1996; 
Sumner, 1983). New Zealand long-woolled sheep breeds such as Border Leicester, Lincoln 
and Drysdale show a pronounced interaction between season and efficiency of wool 
growth (Sumner, 1984) and wool growth is most responsive to increased feeding during 
the summer and least responsive during the winter. This suggests that' above maintenance' 
feeding in the winter may not be financially useful as there will be little effect on wool 
growth rate, even though staple strength will be slightly improved by increased feeding 
(Sumner, 1984; Sumner and Hawker, 1986). 
Besides wool growth, Sumner (1983) observed an effect on fibre diameter and 
brightness due to improved feeding, with well fed sheep having coarser, brighter wool. 
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Although all of the amino acids are required for wool growth, some amino acids, 
are more important than others. In all mammals, cysteine can only be synthesized by the 
trans-sulfuration of methionine (Powell et ai., 1994). Reis (1979) observed an increased 
wool growth by up to 100%, after an infusion of cysteine or methionine and indicating that 
the supply of cysteine is limiting to wool growth. Furthermore, Hemsley and Reis (1985) 
reported that only the sulphur containing amino acids (cysteine and methionine) stimulate 
wool growth. 
Table 1.2 Typical values for the characteristics of New Zealand's main wool categories 
Wool MFDI Loose wool Medullation Staple 
category (J-lm) bulk (cm3 /g) (% by area) length 
(mm) 
Fine 22 27 0 90 
Medium 29 25 0 120 
Lustrous 39 17 3 175 
Romcross 36 21 5 150 
Higher-bulk 33 26 5 135 
Crimpy 32 33 3 80 
Medullated 40 22 '20 240 
IMFD = mean fibre diameter 
Adapted from Elliot (1985) 
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The effect of sheep age on wool characteristics 
Wool production initially increases with age, reaching a maximum at three and a 
half years, before it starts to slowly decline (Brown et ai., 1966). In general, fleeces shorn 
from lambs have lower value than hogget or adult fleeces. With regard to fibre strength, 
there is a trend for ewe hoggets to show a lower incidence of fleece tenderness than older 
ewes (Bigham et at., 1983a). Eight year old Merino ewes have also been reported to be 
0.42 ~m finer than three year old ewes (Mullaney et at., 1969). 
Infonnation on the effects of age on wool production allows wool producers to 
detennine the optimal flock structure, in order to achieve maximal wool production 
(Mullaney et ai., 1969). 
The effect of sheep gender on wool characteristics 
There have been conflicting reports in the literature regarding the effect of gender 
on fleece characteristics. Sumner and Hawker (1986) reported that when body size and 
differing feed intake are taken into account, gender does not appear to impact on wool 
characteristics. Fozi et ai. (2005) also found that MFD, staple strength and CVD were not 
affected by gender. In contrast, Clarke et ai. (1999) reported the presence of sex effects on 
wool production traits in New Zealand Romney sheep. 
The effect of tim~and frequency of shearing on wool 
characteristics 
The timing of shearing obviously affects staple length, but also affects staple 
strength (Bigham et at., 1983a; Sumner and Hawker, 1986), fleece discolouration (Sumner, 
1984; Sumner and Hawker, 1986) and vegetable matter contamination (Sumner and 
Hawker, 1986). During winter, minimum fibre diameter is near skin level while in summer 
the minimum diameter is about halfway up the staple (Bigham et ai., 1983a), therefore 
wools shorn during the winter or early spring are stronger than wools shorn during the 
summer or early autumn (Sumner, 1984). In New Zealand, shearing during late 
spring/early summer increases vegetable matter contamination because this period is the 
seeding stage for plants. The rise in temperature and humidity during this period also 
increases fleece discolouration (Sumner and Hawker, 1986). Thus, shearing during winter 
in New Zealand would result in stronger and better coloured wool fibre (Sumner, 1984; 
Sumner and Hawker, 1986), but winter shearing (such as pre-lamb shearing of ewes) has 
caused animal welfare debates because the cold weather can kill recently shorn sheep. 
The frequency of shearing regulates staple length and therefore the potential 
processing system available (Sumner and Hawker, 1986). Clean scoured yield is also 
affected by the frequency of shearing (Sumner and Hawker, 1986). Shorter second shear 
wools tend to have higher clean scoured yield than annually-shorn full fleece wools 
(Sumner and Hawker, 1986). 
The effect of pregnancy and lactation on wool characteristics 
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Pregnancy and lactation both reduce the rate of wool growth, as they impose 
additional energy demands on ewes. The effect of these events on wool growth is similar 
to reduced feeding and includes reduced fibre length (growth rate), reduced fibre 
diameter, and an increase in the susceptibility to fleece tenderness (Bigham et ai., 1983a; 
Sumner and Hawker, 1986). Mullaney et ai. (1969) reported a 10-13% decrease in clean 
fleece weight (CFW) due to the total effect of both pregnancy and lactation in fine-wool 
Merino, Corriedale and Polwarth sheep. Although barren ewes from flocks in which all 
ewes were exposed to the ram were observed to be as prone to fleece tenderness as ewes 
producing single lambs (Bigham et ai., 1983a), such barren ewes were also found to be 
lighter than the pregnant ewes, due probably to poor health, which may explain their lack 
of pregnancy and fleect? tenderness (Bigham et ai., 1983a). Ewes bearing twin lambs tend 
to have a greater proportion of tender fleeces than single-lamb bearing ewes (Bigham et 
ai., 1983a; Brown et ai., 1966). A reduction of 0.1 to 0.3 kg in fleece weight can be 
expected between single and twin bearing ewes (Sumner, 1984). 
Given that diet, season, pregnancy and lactation all impact on wool production, 
genes involved in energy partitioning and maintaining energy balance will almost certainly 
have an affect on wool production. Recently, variation in the ovine B3-adrenergic receptor 
(ADRB3) gene has been shown to impact on carcass composition and lamb survival during 
cold challenges (Forrest et ai., 2003, 2006). This research supports the role of ADRB3 in 
energy homeostatis. 
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The influence of adrenergic receptors on wool characteristics 
The skin is the target of many neuroendocrine signals including catecholamines, 
which have been found to mediate the expression of growth hormone, prolactin and other 
factors via adrenergic receptors (Slominski and Wortsman, 2000). There have been a 
number of studies investigating the affects of the ~-adrenergic receptor family and 
downstream effector molecules such as growth hormone and prolactin on hair and wool 
growth (Scobie et al., 1994; Thomas et at., 1994; Ferguson, 1954; Wynn et at., 1988; 
Adams et at., 2002). The addition ofthe catecholamines adrenaline and noradrealine to 
cultured sheepskin resulted in reduced DNA synthesis, while intradermal injections of 
these two compounds into live animals significantly lowered the rate of cell division in the 
wool follicles and hence reduced wool growth (Scobie et at., 1994). Thomas et al. (1994) 
found that intravenous infusion of noradrenaline totally suppressed plasma growth 
hormone concentrations, that the reduced plasma concentration was abated with the 
addition of the ~-adrenergic antagonist propranolol. 
The ~3-adrenergic receptor (ADRB3) belongs to the superfamily of guanine 
nucleotide binding protein (Gs-protein) coupled receptors that all stimulate adenyl ate 
cyclase and calcium channels. On stimulation via sympathetic innervation that is mediated 
by the catecholamine noradrenaline, intracellular cyclic adenosine monophosphate (cAMP) 
levels increase which in tum activates cAMP dependent protein kinases. Downstream 
phosphorylation by the cAMP dependent protein kinases either activates or inhibits various 
cellular processes (reviewed in Lafontan & Berlan, 1993; Garland & Biaggioni, 2001). 
ADRB3s are predominantly found in adipose tissue and mediate the lipolytic and 
thermogenic effects (Giacobino, 1995) in both white and brown adipose tissue. Essentially 
the catecholamine induced ADRB3 system helps regulate non-shivering thermogenesis 
(NST) on exposure to cold to help maintain a constant inne~ core body temperature. The 
induction ofNST and maintaining thermoregulation in the brown adipose tissue is not the 
only role of the ADRB3 system. This interaction also plays an important role in regulating 
energy intake in the form of food and body fat stores. Breakdowns in this system can lead 
to obesity. Collins et at. (1994) reported that the level of ADRB3 was dramatically down-
regulated in adipose tissue of obese mice. Furthermore, the degree of obesity in obese, 
diabetic, tubby, and fat mice is correlated with the extent ofloss of adipocyte ~-AR 
expression (Collins et at., 1999). The key role of the beta-adrenergic receptor and more 
specifically the ADRB3 in mediating the partitioning of energy between thermogenesis 
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and growth/fat deposition suggests that variation in this gene could conceivably impact on 
wool production traits. Variation at the ADRB3 gene could affect the partitioning of 
energy away from other metabolic activities, to allow follicle growth and therefore 
increase wool production. 
1.6 Determinants of wool characteristics and value 
The words "wool quality" describe the characteristics of the wool fibre with 
regards to processing performance and end-use preference. Economically important 
characteristics include MFD, FDSD, CVD, comfort factor, (or F< 30), prickle factor (or 
F>30), crimp (or fibre curvature), yellowness, brightness, staple strength, staple length, 
bulk, medullation, GFW, CFW and yield. 
Wool trait measurements 
Unfortunately, wool is not a uniform product. Fleece traits exhibit a continuous 
range of variation. This fleece variation is observed at all levels, within individual fibres, 
within staples, within single fleeces, between sheep within a flock, between flocks and 
between breeds. Wool traits are affected by the combined contribution of genetic, 
environmental and management factors. Each sheep inherits its own unique genetic 
material and each is subject to variations in seasonal growing conditions and climate. The 
natural wool variabilit)" presents wool buyers and processors with some uncertainties, 
compared with the buyers of synthetic fibres. Traditionally, the method used to predict the 
value of wool was based on visual assessment and actual feel (handle). However, this 
subjective method of assessment is often inconsistent and inaccurate. Instruments that 
accurately measure wool quality traits were introduced to allow objective measurement of 
wool quality parameters, which is beneficial to not only the grower, but also the wool 
buyer and the processor. Wool growers can use test results to improve breeding 
programmes and optimise farm management practices (The New Zealand Wool Industry 
Manual, 1996), while wool buyers and processors will get an indication of the true value 
of sale lots. 
For the fleece testing of wool for breeding purposes, the sample to be measured is 
usually taken from the "mid-side" of individual sheep. Details of the testing methods for 
each trait are given below. 
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Mean fibre diameter 
Mean fibre diameter is the average diameter of several thousand fibres measured in 
micrometers ().tm, commonly abbreviated to 'microns' in the wool industry). Fibre 
diameter (fineness) and CFW are the most important parameters determining the 
commercial value of wool in Merino and other fine wool breeds (Bot et ai., 2003; Taylor 
and Atkins, 1997; Reid and Botica, 1995; Wuliji et ai., 1991; Wickham, 1985; Hunter, 
1980). 
Fibre diameter importance arises mainly from its effect on the processing 
performance as it affects yam regularity, strength and extensibility, which in tum 
influences subsequent manufacturing efficiencies and product qualities (The New Zealand 
Wool Industry Manual, 1996). Finer fibre allows the spinning of yams of lower linear 
density, which are necessary for the production of light weight (low g/m2) fabric that feels 
soft and smooth against the skin. Heavier yams, made from coarser fibres are used for 
carpets (The New Zealand Wool Industry Manual, 1996). 
Fibre diameter also has an influence on dyeing performance. Fine fibres have a 
higher surface area to volume ratio than coarser fibres. As a result, they yield darker shades 
in both yam and product form (The New Zealand Wool Industry Manual, 1996). 
Fibre diameter varies along the length of each fibre, between staples over the 
body, between sheep in a flock, and between flocks (Sheep Wool Production, 1987). For 
this reason, only the mean diameter is normally considered. Ultra-fine fibres are 
considered to have a MFD between 12-16 ).tm, while super fine fibres have a MFD 
between 17-20 ).tm. Fibres with a MFD between 20-25 ).tm are considered fine, while 
those with a MFD between 26-30 ).tm are mid micron. Fibres with MFD above.30 ).tm are 
classed as coarse fibres. 
Three main methods are used for determining the MFD of raw wool in New 
Zealand; Airflow (IWTO-12); Optical Fibre Distribution Allalyser (OFDA) (IWTO-47) 
and Sirolan™ Laserscan (IWTO-12) (http://www.nzwta.co.nz). 
Airflow is the traditional method used to indirectly measure fibre fineness. It is 
fast, inexpensive and accurate on most wool types. It measures the flow of air through a 
plug of wool relative to its weight. Finer wool provides more resistance to airflow than 
coarser wool. The disadvantage with this method is that it assumes that wool density 
(which impacts weight) is always constant, which is not always the case. Some wool 
types, such as medulated fibres, will give a lower micron reading due to their low fibre 
density. 
The OFDA is essentially an automatic microscope set above a prepared slide of 
fibre snippets and can rapidly determine the fibre diameter distribution 
(http://www.nzwta.co.nz). 
Sirolan™ Laserscan was developed following a study on upgrading the OFDA, 
and it provides rapid and accurate measurements of fibre diameter (Charlton, 1995). It 
measures the diameter of individual fibre snippets that interrupt a fine laser beam. The 
change in the detected light from the laser is directly proportional to the fibre diameter. 
Sirolan™ Laserscan has been used commercially since 1992. 
The OFDA and the Sirolan™ Laserscan can also produce FDSD, CVD and 
comfort factor results (see below) as they assess a population of fibre snippets. 
Fibre diameter standard deviation 
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The FDSD is a measure of the degree of variation of fibre snippet diameter above 
and below the MFD. The FDSD is expressed in micrometers. The FDSD is measured 
using the OFDA or the Sirolan™ Laserscan as explained above and a lower FDSD is 
desirable in quality wool. 
Coefficient of variation of fibre diameter 
The CVD is a measure ofthe variability in fibre diameter in wool snippets relative 
to the MFD. The lower the CVD, the lower the variation of diameter within a fleece 
sample. The CVD is calculated by dividing the FDSD by the MFD, and is expressed as a 
percentage. The CVD Qall be calculated from results obtained from the OFDA or the 
Sirolan™ Laserscan. 
Prickle factor 
Prickle factor measures the percentage of fibres over 30 flm in diameter. The 
figure is calculated from several thousand measured fibres. Prickle factor is the opposite 
of comfort factor, which is the percentage of fibres within a sample of snippets that 
measure less than or equal to 30 flm in diameter. Both the OFDA and the Sirolan™ 
Laserscan can measure comfort factor. 
Colour 
Clean wool colour is an important determinant of wool price within the wool 
industry (Benavides et at., 2000). Wool with superior colour (i.e. white and bright) can be 
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dyed consistently to the maximum range of shades, a key attribute of processing 
performance (Reid and Botica, 1995). Yellow coloured wools are penalised as they limit 
the industry's versatility in the dyeing process (Benavides et ai., 2000). The expression of 
clean wool colour is a result of both genetic and environmental factors. Some of the 
factors known to affect the yellowness of the raw wool include the propensity of the wool 
to yellowing (Wilkinson, 1981), fleece architecture (Henderson, 1968) and sheep 
management (Reid and Botica, 1995). Wool colour is related to the fibre diameter. In 
general, fine wools are the whitest and the colour becomes creamier as the fibre diameter 
Increases. 
There are two main methods for wool colour measurement; "base" colour (BC) 
measurement, which measures the colour of wool exposed to a particular environment, and 
"challenge" colour (CC), which is obtained from wool that has been exposed to conditions 
that allow the maximum colour of the wool to develop, such as exposure to high humidity 
and temperatures, and natural environmental conditions to encourage discolouration. 
The standard test method used to measure the BC of wool employs either a 
colorimeter or a reflectance spectrophotometer to obtain the tristimulus values for the light 
reflected from the wool at three different wavelengths ofthe'spectrum called X, Y, and Z. 
The X value represents the red colours; the Y value represents green colours; and the Z 
value represents blue colours. In New Zealand wools, the X and Y values are very similar 
and the X value is generally ignored. The Y value is an indicator of the wool brightness. 
Since yellow is the perception of the difference between green (Y) and blue (Z), the Y-Z 
value represents the lev.:elofyellowness (The New Zealand Wool Industry Manual, 1996). 
The higher the Y value, the brighter the wool. In general, very bright wool has a Y value 
more than 66, while bright wool has a Y value between 64-66 and dull wool has a Y value 
less than 56. Y -Z values less than one to slightly negative indicate very white wools, while 
values greater than seven indicate very yellow wools. Specifically, the whitest wool has a 
Y -Z minimum value of about -5, while the extremely yellow wool has a maximum Y-Z 
value of about +15. In general, wools with very good colour are both white and bright, 
while poor coloured wools are yellow and dull (Elliott, 1986). 
Crimplcurvature 
Crimp is the natural curl in the wool. Fibre curvature is the estimate of the crimp 
in a sample of wool, expressed in degrees per millimetre Clmm). The higher the degree of 
curvature, the higher the crimp. In general, long length wool has low crimp, while short 
length wool has high crimp. Ideal wool crimp depends on the purpose to which it is put. 
While low crimp wool is an advantage in the woven industry, it is a disadvantage in the 
knitting industry. In the carpet industry, wool with greater crimp is desired as this gives 
the fibre its elasticity and resilience and enhances the thermal insulation of the end 
product. Crimp also promotes fibre-fibre cohesion, which assists in processing 
performance. 
Mean staple length and mean staple strength 
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The staple length is the average length of a staple of shorn wool, while staple 
strength refers to the average strength of a staple. Both properties are measured using an 
Automatic Tester for Length and Strength (ATLAS), developed in Australia, and used in 
New Zealand since 1990 (The New Zealand Wool Industry Manual, 1996). Length is 
measured in millimetres (mm), while strength is measured in Newtons per kilotex (Nlktex), 
which represents the average amount of force required to break a staple of standard 
thickness. 
Fibre length primarily determines the processing system on which the wool will 
be spun, as well as processing efficiency and yam strength. This in tum influences final 
product qualities (The New Zealand Wool Industry Manual, 1996). Good staple strength 
is important to prevent excessive fibre breakage during processing. In terms of strength, 
wool is subjectively described as being either sound (strong) or tender (weak). A 
measurement ofless than 18 Nlktex is considered rotten, 18-24 Nlktex is tender, 25-30 
Nlktex is considered tel1der-sound, while more than 30 Nlktex is sound (Rogan, 1995). 
However, these values are guidelines only and may vary from breed to breed. 
There are three systems used for processing scoured wool into yam: the woollen, 
semi-worsted and worsted systems (Ross, 1978). Each system produces yams with 
different characteristics. The woollen system is the simplest and cheapest processing 
system. It is particularly suitable for short wools (Ross, 1978), and cannot handle wools 
greater than about 150 mm in length. Woollen yams generally have low twist levels, are 
soft and bulky, and fibres are comparatively randomly oriented (Ross, 1978). Woollen 
yam is suitable for all purposes: apparel, carpets and furnishings. The worsted system is a 
much more complicated and expensive system. In contrast to the woollen system, it 
requires wool fibres that are long (at least 125 mm) and sound. The worsted system 
produces a smooth, compact yam of uniform fineness. Worsted yams are used to produce 
light and medium weight woven and knitted fabrics (The New Zealand Wool Industry 
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Manual, 1996). The semi-worsted system is a comparatively modem concept, developed 
to provide a cheaper alternative to the worsted system (Ross, 1978; The New Zealand 
Wool Industry Manual, 1996). It requires wools with staple lengths between 70-125 mm, 
and low vegetable matter content. Semi-worsted yams are mainly suited for carpets and 
knitwear (The New Zealand Wool Industry Manual, 1996). 
Bulk 
Bulk is traditionally associated with wool's springiness and "filling power" 
(Elliott, 1986). Loose wool bulk is an important wool trait to the manufacturers of carpets 
(Ross et al., 1982), and yams used for knitting (Stobart and Sumner, 1991). It imparts 
special handle and visual characteristics to wool products. For example, wools with 
higher loose wool bulk result in bulkier yams, which improve insulation and pile cover in 
carpets. Bulky yams are also essential for obtaining lightweight garments offering 
maximum insulation and better wear performance (Elliott, 1986). Bulk is largely 
determined by the degree and type of crimp present in the wool, although fibre diameter 
also makes a contribution. Bulk is measured using a bulkometer in cm3 / g, after being 
washed (Elliott, 1986). 
Greasy fleece weight and clean fleece weight 
Greasy fleece weight and CFW refer to the quantity, rather than the quality of 
wool. The GFW is the mass of raw wool as shorn from a sheep, not scoured or washed. 
This raw wool is typic~Jly not 100% wool, but has impurities in it, such as vegetable 
matter, wax, suint, dirt and dung. The CFW is the scoured wool without the impurities. 
Clean fleece weight is an important wool attribute because wool producers are paid per 
kilogram of clean wool. Greasy fleece weight can serve as an indirect, but precise 
selection criterion for improving CFW since the two traits are positively highly correlated 
(Table 1.3). 
The GFW is typically measured following shearing, while CFW is calculated as a 
product of GFW and yield (explained below). 
Yield 
Wool yield is determined from a wool sample representative of the fleece and is 
the weight of clean wool that is obtained· after the removal of impurities such as vegetable 
matter, wax, suint, dirt and dung. Yield is expressed as a percentage of GFW (% GFW). 
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1.7 Correlations between wool traits 
Most of the production traits in sheep are controlled by multiple genes. In addition, 
some genes have an effect on more than one trait. For example, fleece weight and staple 
length are probably both controlled by similar genes, and therefore a response to selection 
for increased fleece weight would also lead to an increase in staple length. Knowledge of 
the correlations between wool traits is therefore important as selection for one trait may 
have a positive or negative effect on another trait. 
The measure of trait correlation may vary from -1.0 to + 1, with the former 
indicating a high negative relationship and the latter a high positive one (Willis, 1998). 
Negative relationships mean that as one trait increases the other decreases while with 
positive relationships both traits move in the same direction (Willis, 1998). Both positive 
and negative relationships can be either desirable or undesirable. Correlations obtained 
from traits measured from individuals in a half-sib family are called phenotypic 
correlations (rp). Phenotypic correlations are observed between traits and depend on both 
environmental correlation (re) and genetic correlation (rg). The relationship between the 
three is not simple and they may differ in sign as well as in value for the same pair of 
traits (Bowman, 1974). Genetic correlations measure characteristics by testing sire-line 
against sire-line in several half-sib families and hence describe the degree to which traits 
are related genetically. A genetic correlation can be the result of pleiotropy, whereby a 
single gene is influencing both traits at the same time, or because of linkage between two 
gene loci, each of which is influencing a single character (Johansson and Rendel, 1968). 
A genetic correlation caused by pleitropy is permanent and cannot be altered by selection 
whereas one caused by linkage is transient and may change in time as a consequence of 
selection and crossing over during meiosis (Bowman, 1974). The main value of genetic 
correlations is to predict the changes in character not being.directly selected but correlated 
to the trait being directly selected (Bowman, 1974). 
There is a considerable variation in the values for genetic and phenotypic 
correlations between wool traits in the literature, as shown in Table 1.3. Understanding 
the correlations between traits is an integral part of developing a breeding strategy to 
improve wool quality. 
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1.8 Heritability of wool traits 
Heritability (h2) is an indication of the extent that the differences observed in animals 
are inherited. It is expressed on a scale of 0.0-1.0 (Wickham, 1978). A trait with a 
heritability value of 0.3 or over is regarded as high, and this means that selection of parents 
on their own characteristics will lead to improvements in the offspring, provided the 
animals under selection have been reared together (Turner, 1964). Estimates for the 
heritability of most wool traits are generally high (h2 = 0.3 - 0.6), indicating that wool traits 
are under genetic control and that they can be selected for. 
Different researchers have reported different heritability estimates for various 
wool traits, as indicated in Table 1.4. 
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Table 1.3 Correlation estimates for wool quality traits reported by different researchers. 
Traits! Breed Genetic Phenotypic Reference 
Correlation Correlation 
GFWx 
CFW Romney 0.99 0.96 Hawker et at. (1988) 
CFW Fine 0.90 0.94 Swan et at. (1995) 
MFD Romney 0.37 0.54 Hawker et at. (1988) 
MFD Romney 0.55 0.41 Bigham et at. (1983b) 
MFD Fine 0.21 0.28 Swan et at. (1995) 
MFD Merino 0.14 Gregory (1982) 
MSS Romney 0.79 0.39 Hawker et at. (1988) 
MSS Fine -0.06 0.09 Swan et at. (1995) 
MSL Romney 0.88 0.39 Hawker et at. (1988) 
MSL Fine 0.31 0.37 Swan et at. (1995) 
CVD Fine -0.11 -0.04 Swan et at. (1995) 
MB Romney 0.50 0.05 Hawker et at. (1988) 
MB Corriedale -0.07 -0.05 Benavides & Maher (2000) 
MY Romney 0.64 0.16 Hawker et at. (1988) 
MY Corriedale 0.44 0.13 Benavides & Maher (2000) 
CFWx 
MFD Merino 0.16 Gregory (1982) 
MFD Merino 0.40 0.18 Mortimer & Atkins (1989) 
MSS Merino 0.38 Gifford et at. (1995) 
MSL Merino 0.35 Wuliji et at. (1991) 
MB Corrie dale -0.06 -0.02 Benavides & Maher (2000) 
MY Corriedale 0.91 0.16 Benavides & Maher (2000) 
Yield x 
GFW Fine -0.24 0.07 Swan et at. (1995) 
GFW Merino -0.47 Gregory (1982) 
CFW Merino 0.46 Wuliji et at. (1991) 
MSL Merino 0.27 Wuliji et at. (1991) 
MSS Fine 0.22 0.2 Swan et at. (1995) 
MY Merino 0.46 Lewer et at. (1995) 
MYx 
MFD Corriedale 0.93 0.26 Benavides & Maher (2000) 
MFD Romney 0.53 0.14 Bigham et at. (1983b) 
MB Corriedale -0.42 -0.18 Benavides & Maher (2000) 
MSL Romney 0.36 0.17 Bigham et at. (1983b) 
MFDx 
MSS Fine 0.48 0.31 Lax et at. (1995) 
MSS Merino 0.26 Wuliji et at. (1991) 
FDSD Merino 0.48 Gifford et at. (1995) 
IGFW: greasy fleece weight; CFW: clean fleece weight; MFD: mean fibre diameter; MSS: mean staple 
strength; MSL: mean staple length; CVD: coefficient of variation of fibre diameter; FDSD: fibre diameter 
standard deviation; MB: brightness; MY: yellowness 
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Table 1.4 Heritability (h2) estimates of wool quality traits. 
Breed Reference 
GFW Merino 0.31 (0.21) Wuliji et at. (1991) 
Merino 0.29 (0.06) Mortimer and Atkins (1989) 
Romney 0.44 (0.16) Hawker et ai. (1988) 
Corriedale 0.52 (0.15) Benavides and Maher (2000) 
CFW Merino 0.54 (0.099) Gifford et ai. (1995) 
Merino 0.35 (0.20) Wuliji et ai. (1991) 
Merino 0.30 (0.06) Mortimer and Atkins (1989) 
Romney 0.46 (0.16) Hawker et ai. (1988) 
Corriedale 0.37 (0.15) Benavides and Maher (2000) 
MFD Merino 0.61 (0.27) Wuliji et ai. (1991) 
Merino 0.47 (0.022) Gifford et ai. (1995) 
Fine 0.67 Lax et ai. (1995) 
Fine 0.58 Swan et ai. (1995) 
Merino 0.48 (0.07) Mortimer and Atkins (1989) 
Corriedale 0.65 (0.15) Benavides and Maher (2000) 
MSS Merino 0.39 (0.019) Gifford et ai. (1995) 
Fine 0.23 Swan et ai. (1995) 
Romney 0.52 (0.17) Hawker et ai. (1988) 
MSL Fine 0.49 Swan et ai. (1995) 
Merino 0.44 (0.07) Mortimer and Atkins (1989) 
Romney 0.34 (0.14) Hawker et ai. (1988) 
CVD Merino-· . 0.57 (0.026) Gifford et ai. (1995) 
Fine 0.47 Lax et ai. (1995) 
FDSD Merino 0.51 (0.098) Gifford et ai. (1995) 
Fine 0.46 Lax et ai. (1995) 
Fine 0.50 Swan et ai. (1995) 
Yield Merino 0.61 Wuliji et ai. (1991) 
MB Romney 0.23 (0.12) Hawker et ai. (1988) 
Corriedale 0.22 (0.11) Benavides and Maher (2000) 
MY Romney 0.62 (0.11) Bigham et ai. (1983b) 
Corriedale 0.27 (0.13) Benavides and Maher (2000) 
lGFW: greasy fleece weight; CFW: clean fleece weight; MFD: fibre diameter; MSS: staple strength; MSL: 
staple length; CVD: coefficient of variation of fibre diameter; FDSD: fibre diameter standard deviation; 
MB: brightness; MY: yellowness; SE: standard error. 
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1.9 Genetic markers and their use in the wool industry 
Quantitative traits make it difficult to deduce the genotype of an individual from its 
phenotype, and to relate genetic variation to differences in the phenotype. This is because 
there are usually many small environmental and genetic effects contributing to a single 
phenotype. The greater the number of effects and the smaller the individual effects, the 
more difficult it is to identify a genetic marker associated with the phenotype of interest. 
Wool traits, despite being quantitative in nature, are not fully expressed until the 
sheep matures (3-4 years), and thus, selection ba~ed on phenotypic data does not provide a 
precise method of selection. Accuracy of selection could potentially be increased using 
genetic markers that are associated with wool quality traits. Furthermore, the use of genetic 
markers in animal breeding allows earlier selection choices and eliminates animals that do 
not meet breeding goals before they express their phenotype. 
A number of different types of genetic markers are commonly used, including 
restriction fragment length polymorphisms (RFLPs), microsatellite and mini satellite DNA, 
and polymerase chain reaction-single strand conformational polymorphism (PCR-SSCP) 
variants. 
Restriction fragment length polymorphism results from the alteration of the 
restriction site(s) recognised by a specific restriction endonuclease or by the insertion or 
deletion of sequence between two restriction sites. The variation in fragment lengths is 
detected using gel electrophoresis. Although RFLPs were the first genetic markers 
developed, they are losing popularity as a screening method to identify genetic markers 
because they have the disadvantages of not identifying all of the polymorphism with a 
length of DNA, are time-consuming and restriction enzymes and consumables tend to be 
expensive. Simpler marker systems have subsequently been developed, many of these 
systems are now based on satellite DNA sequences. 
Throughout the genome of higher eukaryotic organisms, there are a variety of 
different short DNA sequence repeats known as satellite DNA. These sequences do not 
code for protein and are highly variable from individual to individual in both the number 
and type of repeats (Groth et al., 1987). Microsatellites are composed of DNA repeats in 
tandem at each locus. The tandem repeats are usually simple, and consist of either a single 
nucleotide or dinucleotide such as (CA)n, with each dinucleotide repeated about ten times. 
Minisatellites have longer repeated sequences than microsatellites, such as (ACTG) n. 
Since microsatellites and minisatellites show a substantial amount of polymorphism, they 
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can serve as useful markers for the identification of genetic variation of value to animal 
breeding. Although the variation in the number of repeats can sometimes be detected using 
RFLP, PCR is generally used to amplify the polymorphic region and the amplimer 
analysed for length variation (a technique referred to amplified fragment length 
polymorphism - AFLP). 
PCR is also used in conjunction with SSCP. The PCR-SSCP technique offers a rapid, 
sensitive and relatively inexpensive way to screen for sequence variation with minimal 
sequencing. First described by Orita et al. (1989), this technique has become one of the 
preferred methods for screening samples to detect polymorphism because it is both simple 
and sensitive. In this techniques, regions of the gene of interest are amplified using PCR 
and the products denatured and then cooled rapidly to promote the formation of secondary 
structures due to internal base-pairing, which are in tum sequence dependent (Orita et al., 
1989). The folded single-stranded DNA molecules are separated by polyacrylamide gel 
electrophoresis under non-denaturing conditions. The folded secondary structures are 
affected by physical conditions such as temperature, percentage of polyacrylamide, ionic 
strength of the electrophoretic buffer, glycerol concentration (Spinardi et al., 1991), ratio 
of acrylamide to bis-acrylamide, run length and run voltage. This can be exploited when 
optimising an SSCP protocol so that maximum variation can be detected in a given section 
of DNA. Molecules that differ by even a single nucleotide may form different conformers 
under a given set of conditions and, upon electrophoresis in a non-denaturing 
polyacrylamide gel, migrate differently. 
Many methods. for viewing the folded DNA conformers have been described. These 
include the radioactive labelling of primers followed by autoradiography (Orita et al., 
1989), silver staining (Sanguinetti et al., 1994), ethidium bromide staining (Yap and 
McGee, 1993) and more recently the use offluorescently labelled primers and fluorescent 
dyes. 
1.10 Methods used to identify new genetic markers for 
use in animal breeding 
There are several ways to identify genetic markers, but the two approaches most 
commonly used are the genome scanning or linkage analysis and the candidate gene 
approach. 
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In the genome scan approach, the whole genome is searched to identify QTL that 
affect any given trait. These are not necessarily the genes that are responsible for trait 
variation, but give an indication of where such genes may lie. Linkage analysis is an 
involved process. A map of the chromosomes, laying out the location, phase and order of 
genes and markers, and the distance between them, is required before linkage analysis can 
be performed. Firstly, a selection of about 200 markers distributed throughout the genome 
are genotyped, in the sire ofthe animals. Only the informative markers are genotyped in 
the progeny and each marker tested for suggestive linkage. Regions showing suggestive 
linkage are then studied by saturating the region with markers to identify those that are 
tightly linked. Phenotypic variation is then linked to the segregation of DNA markers 
within a population. Once the gene locus is identified by the tightly linked markers, the 
DNA can be sequenced. Linkage analysis can be an expensive and lengthy process 
requiring access to full chromosome libraries and arrays of markers. 
In the candidate gene approach, known genes or gene markers that are thought to 
be responsible for the phenotypic variance of a trait are targeted for investigation. The 
method requires a good knowledge of the physiological and biochemical processes of the 
gene product and can be a more direct method than the gene mapping approach, provided 
the right initial assumptions are made. One of the limitations of this approach is its "hit and 
miss" nature. A targeted gene may not be polymorphic in a population or genetic variation 
within the targeted gene may not affect the trait (Goddard, 2002). For the candidate gene 
approach to be useful, a quick and relatively inexpensive way to screen the target gene for 
polymorphism is essential. 
There have been some reports associating genetic markers for the KRT and KAP 
proteins with variation in wool traits. Parsons et al. (1994a) found significant evidence for 
linkage between KAP6 and KAP8 and MFD in one of eight half-sib sire groups tested in 
Medium Peppin Merino sheep. Rogers (1994) and Rogers et al. (1994a) reported 
association between staple strength and the region spanning the KAP 1. lIKAP 1. 3/KRT 1. 2 
loci on ovine chromosome 11 in Romney sheep. 
Markers, other than the KRT and KAP genes associated with wool traits have also 
been reported and these, together with reported keratin gene markers are summarised in 
Table 1.5. 
Table 1.5 Potential genetic markers for wool quality traits reported by various researchers. 
Trait l Analysis Breed Chromosome 
MFD Candidate gene Peppin Merino 1 
MFD Genome Scan Merino 1 
MFD Genome Scan Not specified Not specified 
Staple strength Candidate gene Romney 11 
Staple length Segment mapping Synthetic breed 
INRA 401 2 
3,7 & 25 
CVD Segment mapping Synthetic breed 
INRA 401 2 
4,7 & 25 
Yellowness (Y-Z) Genome Scan MRM3 backcross 3 
Brightness (Y) Genome Scan MRM3 backcross 11 
Challenge colour Genome Scan Corriendale 11 
White colour Candidate gene Merino Not specified 
CFW Selected markers Merino Not specified 
I MFD = mean fibre diameter; CVD = coefficient of variation of fibre diameter. 
2 A composite Romanov (prolific breed) and Berrichon du Cher (meat breed) 




BMCI009, ILST005 & 
IDGVA8-IDGVA88 
McM218, ILST005 & 





BfMS and DRB 1 
Gene(s) Reference 
KAP6 and KAP8 Parsons et al. (1994a) 
Beh et al. (2001) 
Not specified Henry et al. (1998) 
KRTl.2, KAPl.l Rogers et ai. (1994a) 
& KAPI.3 
Ponz et ai. (2001) 
Ponz et al. (2001) 
McKenzie et ai. (2001) 
McKenzie et al. (2001) 
McKenzie et al. (2001) 
Benavides and Maher (2000) 
MHC region Bot et ai. (2003) 
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1.11 Aim and objectives of this study 
The aim of this project was to identify polymorphism in key wool genes and 
determine the effect of this variation on wool quality traits and quantity within two 
Merino half-sib families. Two KRT genes (KRTl.2, KRT2.10), six KAP genes (KAPl.I, 
KAPl.3, KAP3.2, KAP6.l, KAP7, KAP8), two micro satellites (BfMS, OarFCBI93) and 
the beta 3-adrenergic receptor (ADRB3) gene were selected for investigation. All of the 
loci included in the study have been reported to be polymorphic, and some have been 
reported to have an effect on wool quality traits (KAPI.I, KAPI.3, KRTI.2, KAP6, 
KAP8, OarFCBl93 and BfMS). The ADRB3 was of potential interest since it is known 
to be involved in energy partitioning, and may therefore affect the metabolic activity of 
the wool follicle. 
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Chapter 2 Wool and its characteristics 
2.1 Introduction 
Many wool traits are correlated, thus selecting for one trait may impact on another 
trait. For example, it has been reported that the genetic correlations between fibre 
diameter and fleece weight in coarser wool breeds such as Romney and Perendale are 
positive and high (r = 0.5-0.8) implying that selection for finer fibre diameter in these 
breeds will reduce fleece weight (Wickham, 1985; Hawker et at., 1988; Bigham et at., 
1983b). In these breeds, fleece weight has been found to increase primarily because of 
increased fibre diameter size (Wickham, 1985). In contrast, Merino and other fine wool 
breeds show a much lower or no genetic correlation between fibre diameter and fleece 
weight (Gregory, 1982; Hancock et at.,1979) which implies that selection for fibre 
fineness or fleece weight results from changes in follicle density. Gregory (1982) found a 
significant negative genetic correlation between clean fleece weight and crimp (r = -0.34), 
which indicates that attention to crimp could inhibit progress in increasing clean fleece 
weight. 
Given the examples above, knowledge of parameters such as the heritability of wool 
traits, genetic correlations and phenotypic correlations are necessary in order to predict 
how selection on a certain trait will affect other traits. This knowledge allows farmers to 
develop effective breeding strategies. It is also important to understand how traits develop 
over time. Traits which are highly correlated between years will be easier to predict than 
those that exhibit large variation over time. 
2.2 Material and methods 
Animals used in this study 
This study involves two half-sib families. The first half-sib family was produced by 
mating a Merino ram (MVI44-58-00) to 150 ewes on the 1 st April 2002. The ewes were 
selected at random from a range of New Zealand environments in order to maximise 
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phenotypic variation in wool traits. They were older annual draft ewes (6-7 years old). Sire 
MVI44-58-00 was a two-tooth ram from Balmoral Station, Lake Tekapo, New Zealand, a 
producer of fine wool. In total, 169 lambs were born to sire MVI44-58-00 during the 
period of 29th September-10th November 2002. However, some died at or after birth, so 
that 131 lambs survived during the first year and were used in this study. Of these, only 
128 survived to the second shearing at 24 months. Subsequent to the second shearing the 
wethers were culled and only the remaining ewe lambs (n = 37) were shorn at 36 months 
of age. 
The second half-sib family was created by mating the two-tooth ewes born to sire 
MVI44-58-00 from the first half-sib, to a half-bred Merino X Corriedale sire on the 1 sl 
May 2004. This half-bred sire is referred to as Stoneyhurst in this thesis. Forty-three lambs 
were born in the moIith of October 2005, and 35 lambs survived and were used in the 
study. 
All lambs were ear tagged at birth using brass tags. At approximately one month 
of age, the lambs were tailed and blood samples were collected from each animal onto 
FTA ™ cards. At the same time, rams were castrated to limit hormonal influence on wool 
characteristics. The lambs were weaned at about three months of age and put on pasture. 
The sheep were all raised together at the Lincoln University Ashley Dene 
Research Farm. 
Wool shearing and sampling 
The MVI44-58-00 progeny were shorn (Figure 2.1) at 12,24 and 36 months of 
age. Stoneyhurst progeny were shorn at 12 months of age. Every animal's tag number was 
recorded at shearing (Figure 2.2). Unskirted fleeces minus neck and belly wool were 
weighed (Figure 2.3), before being skirted (Figure 2.4). Two samples of wool 
(approximately 10-20 g each) were collected from the mid-side region of the animals for 
analysis (Figure 2.4). 
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Figure 2.1 Two shearers just starting to shear the sheep. 
Figure 2.2 Recording of sheep's tag number. 
Figure 2.3 Unskirted fleece, just picked up to be put on a scale for weighing. 
Skirting 
table 
Figure 2.4 Skirting the fleece and removing small wool sample from the mid-side region 




Except for greasy fleece weight (GFW) which was detennined at shearing, and 
clean fleece weight (CFW) which was calculated as the product of GFW and yield, wool 
characteristics were measured by the New Zealand Wool Testing Authority Ltd 
(NZWTA). Some of the wool traits were measured in Christchurch by NZP AC Ltd, a 
subsidiary of NZWTA Ltd. These included comfort factor or fibre diameter less than 30 
11m (F<30), prickle factor or fibre diameter more than 30 11m (F>30), mean fibre diameter 
(MFD), fibre diameter standard deviation (FDSD), coefficient of variation of fibre 
diameter (CVD) and curvature, which were all measured using a Sirolan™ Laserscan 
instrument. The remaining wool traits were measured in Napier at the NZWTA Ltd 
laboratory, these included yield (IWTO 19), staple length (IWTO 30), staple strength 
(lWTO 30), yellowness (IWTO 56) and brightness (IWTO 30). Since prickle factor is 100 
minus the percentage of comfort factor, only prickle factor was considered in this thesis. 
Statistical analysis of correlations between wool traits 
Phenotypic correlations of various wool traits measured within each year for the 
progeny of the sires MV144-58-00 and Stoneyhurst were calculated using analysis of 
variance (ANOV A) tests using SPSS version 13 (SPSS Science Inc., Chicago, IL, USA). 
Correlations were also calculated between years for the wool traits measured for the 
progeny of sire MV144-58-00. 
Genetic correlations were not calculated in this study because of the relatively small 
number of sheep involved in the study, which made it too difficult for the analysis, and 
standard errors would have been too high. 
2.3 Results 
Correlations 
Phenotypic correlations for all measured wool traits of the progeny from sires 
MV144-58-00 and Stoneyhurst are shown in Appendix J. Those traits that had significant 
(P < 0.05) phenotypic correlations or tended to be correlated (0.05 s P s 0.10) are listed 
for MVI44-58-00 and Stoneyhurst progeny in Tables 2.1 and 2.2, respectively. 
MV144-58-00 half-sib family 
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For fleeces shorn at 12 months, strong positive correlations (r> 0.5) were observed 
between prickle factor and MFD, FDSD, CVD; between FDSD and CVD; and between 
GFW and CFW. Moderate positive correlations were observed between prickle factor and 
yellowness, staple strength; between MFD and FDSD, staple length, yellowness; between 
FDSD and yellowness; between brightness and yellowness; and between yellowness and 
CFW. 
Strong negative correlations were observed between brightness and yellowness. 
Moderate negative correlations were observed between prickle factor and brightness; 
between MFD and curvature, brightness; and between FDSD and brightness, CVD. 
Comfort factor is inversely related to prickle factor (r = -1) thus correlations 
observed for prickle factor were also observed for CF but in the opposite direction. 
For fleeces shorn at 24 months strong positive correlations (r> 0.5) were again 
observed between prickle factor and MFD, FDSD, CVD; and between FDSD and MFD. 
Moderate positive correlations were observed between MFD and CVD; and between staple 
length and staple strength. Greasy fleece weight, CFW, brightness and yellowness were not 
measured at 24 months. 
For fleeces shorn at 36 months strong positive correlations were observed between 
traits prickle factor and PDSD, CVD; and between FDSD and CVD. The significant 
correlation between prickle factor and MFD observed for the 12 and 24 month fleeces was 
no longer evident. Moderate positive correlations were observed between prickle factor 
and MFD; and between MFD, staple strength and yellowness. Moderate negative 
correlations were observed between prickle factor and brightness; between MFD ,CVD and 
brightness; between CVD and staple strength; and between yield and curvature. 
Between years, significant positive correlations were observed for MFD, curvature, 
yield, staple length and staple strength (Table 2.3). 
A comparison of the means for various wool traits between each year for sire 
MVI44-58-00 half-sib family is shown in Table 2.4. 
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Stoneyhurst half-sib family 
Positive correlations were observed between traits prickle factore and MFD, FDSD, 
CVD; between FDSD and CVD and between MFD and curvature, staple strength. 
Yellowness was negatively correlated with prickle factor, FDSD and CVD. Yield was 
negatively correlated with MFD and CVD (Table 2.2). 
Comparison between fleeces shorn from MV144-58-00 and 
Stoneyhurst progeny 
Fleeces shorn at 12 months for progeny ofMV144-58-00 were significantly 
different to those of Stoneyhurst. Stoneyhurst progeny had on average higher MFD than 
MV144-58-00 progeny, but also had lower prickle factor than MV144-58-00 progeny 
(Table 2.5). 
Table 2.1 Significant phenotypic correlations between various wool traits measured for the MV144-58-00 half-sib family. 
Traits! r P-value n Traits r P-value n 
Prickle factor 1 x MFD 1 0.60 <0.001 n= 131 Staple strength 1 Staple length 2 0.22 0.019 n= 119 
FDSD 1 0.69 <0.001 n= 131 Staple strength 2 0.27 0.003 n= 119 
CVD 1 0.54 <0.001 n= 131 Brightness 1 YelloWness 1 -0.77 <0.001 n= 128 
Brightness 1 -0.47 <o.oor n= 128 Yield 3 -0.45 0.006 n=35 
Yellowness 1 0.37 <0.001 n= 128 Yellowness 1 CFW1 0.15 0.096 n= 128 
MFD2 0.23 0.010 n= 122 CVD3 0.28 0.098 n= 35 
MSS2 0.23 0.011 n= 122 Prickle factor 3 0.35 0.064 n=28 
Brightness 3 0.29 0.082 n= 37 GFWI CFW 1 0.88 <0.001 n= 131 
MFDI x FDSD 1 0.44 <0.001 n= 131 MFD2 0.23 0.010 n= 122 
Curvature 1 -0.28 <0.001 n= 131 Staple strength 2 0.18 0.054 n= 122 
Staple length 1 0.28 0.002 n= 128 FDSD2 0.19 0.041 n= 122 
Brightness 1 -0.41 <0.001 n= 128 Prickle factor 2 0.25 0.006 n= 122 
Yellowness 1 0.43 <0.001 n= 128 MFD3 0.29 0.078 n= 31 
MFD2 0.42 <0.001 n= 122 Brightness 3 -0.39 0.016 n=37 
Staple strength 2 0.30 <0.001 n= 122 Curvature 3 -0.32 0.054 n= 37 
MFD3 0.62 <0.001 n= 37 Prickle factor 2 MFD2 0.74 <0.001 n= 122 
Yellowness 3 0.35 0.036 n= 37 FDSD2 0.93 <0.001 n= 122 
CVD2 0.84 <0.001 n= 122 
Staple strength 3 -0.42 0.011 n=37 
Continued on next page 
Traits! r P-value n Traits r P-value n 
FDSDl x CVD 1 0.76 <0.001 n= 131 MFD2 x Staple strength 2 0.29 <0.001 n= 122 
Yield 1 -0.15 0.092 n= 128 FDSD2 0.66 <0.001 n= 122 
Staple strength 1 -0.15 0.098 n= 128 CVD2 0.45 <0.001 n= 122 
Brightness 1 -0.32 <0.001 n= 128 MFD3 0.33 0.049 n= 37 
Yellowness 1 0.25 0.005 n= 128 FDSD2 x CVD2 0.97 <0.001 n= 122 
FDSD2 -0.17 0.070 n= 122 Staple strength 3 0.31 0.065 n=37 
CVD2 -0.20 0.027 n= 122 Yield 2 x Staple strength 2 0.20 0.031 n= 122 
eVDl x Yield 1 -0.15 0.094 n= 128 Yield 3 0.67 <0.001 n= 37 
Staple strength 1 -0.24 0.007 n= 128 Staple length 2 x Staple strength 2 0.36 <0.001 n= 122 
Brightness 1 -0.16 0.069 n= 128 Staple strength 2 x Staple strength 3 0.62 <0.001 n= 37 
MFD3 -0.37 0.025 n= 37 MFD3 0.36 0.027 n=37 
CVD3 0.31 0.064 n= 37 Prickle factor 3 x MFD3 0.34 0.059 n=37 
Brightness 3 0.28 0.097 n= 37 FDSD3 0.71 <0.001 n= 31 
Curvature 1 x Staple length 1 -0.25 0.004 n= 128 CVD3 0.50 0.004 n= 31 
FDSD3 -0.28 0.094 n=37 Brightness 3 -0.35 0.053 n= 37 
Curvature 3 0.34 0.040 n= 37 MFD3 x CVD3 -0.31 0.059 n=37 
Yield 1 x Staple length 1 0.26 0.003 n= 128 Staple strength 3 0.31 0.065 n= 37 
Yield 2 0.17 0.068 n= 119 Brightness 3 -0.31 0.064 n= 37 
Yield 3 0.56 <0.001 n= 35 Yellowness 3 0.34 0.043 n= 37 
MY3 0.46 0.005 n= 35 FDSD3 x CVD3 0.89 <0.001 n=37 
Curvature 3 -0.33 0.054 n=35 CVD3 x Staple strength 3 -0.32 0.056 n= 37 
Staple length 1 x Staple strength 1 0 .. 16 0.069 n= 128 Yield 3 x Curvature 3 -0.30 0.068 n= 37 
MFD2 0.25 0.005 n= 119 
Yield 2 0.19 0.041 n= 119 
Staple length 2 0.21 0.019 n= 119 
Staple strength 2 0.26 0.004 n= 119 
MFD3 0.29 0.090 n= 35 
Yellowness 3 0.30 0.081 n= 35 
IMFD: mean fibre diameter; FDSD: fibre diameter standard deviation; CVD: coefficient of variation of fibre diameter; GFW: grease fleece weight; CFW: clean fleece 
weight. Pearson correlation coefficients are shown as well as the associated P-value. The number after the trait name abbreviation denotes the age at shearing, i.e. 1,2, or 3 
years of age. 
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Table 2.2 Significant correlations between various wool traits measured at 12 months of 
age for the Stoneyhurst half-sib family. 
Traits! r P-value n 
Prickle factor x MFD 0.48 0.003 n = 35 
FDSD 0.81 <0.001 n = 35 
CVD 0.63 <0.001 n = 35 
Yellowness -0.38 0.023 n 35 
MFD x FDSD 0.29 0.091 n 35 
Curvature 0.46 0.006 n = 35 
Yield -0.42 0.013 n = 35 
Staple 0.36 0.039 n = 33 
strength 
FDSD x CVD 0.91 <0.001 n 35 
Yellowness -0.34 0.045 n = 35 
CVD x Staple strength -0.39 0.027 n = 33 
Yellowness -0.29 0.027 n = 35 
Curvature x Yield -0.32 0.064 n 35 
Brightness x Yellowness -0.29 0.088 n 35 
lMFD: mean fibre diameter; FDSD: fibre diameter standard deviation; CVD: coefficient of variation of fibre 
diameter 
Table 2.3 Trait correlations between years for the MV144~58-00 half-sib family. 
Traits! Year 1 and 2 Year 2 and 3 Year 1 and 3 
Prickle factor x _0.002llS _0.029llS -0. 116lls 
MFD x 0.422*** 0.360* 0.617*** 
FDSD x _ .,0.165# 0.129lls 0.164lls 
CVD x -0.095 0.225 0.308# 
, 
0.339* Curvature' x 
Yield x 0.168# 0.666*** 0.559*** 
Staple length x 0.214* 0.434** 0.277llS 
Staple strength x 0.267** 0.624*** 0.159lls 
Brightness! x _0.110lls 
Yellowness! x 0.083llS 
JMFD: mean fibre diameter; FDSD: fibre diameter standard deviation; CVD: coefficient of variation of fibre 
diameter 
*** P::=;O.OOl; ** P::=;O.Ol; * P::=;O.05; # P::=;O.l 
! Not measured in year 2; ns = not significant 
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Table 2.4 Mean measurements of wool traits from the MV144-58-00 half-sib family. 
Traits! Year 1 Year 2 Year 3 Significant mean 
differences 
at the 0.05 level 
Prickle factor 3.80 ± 0.22 (n = 131) 1.65 ± 0.17 (n = 122) 0.65 ± 0.10 (n = 31) 1 and 2, 1 and 3,2 and 3 
MFD (!lm) 16.89 ± 0.08 (n = 131) 18.26 ± 0.14 (n = 122) 17.52 ± 0.17 (n = 37) 1 and 2, 1 and 3, 2 and 3 
FDSD (!lm) 3.53 ± 0.05 (n = 131) 3.99 ± 0.11 (n = 122) 3.22 ± 0.06 (n = 37) 1 and 2, 2 and 3 
CVD(%) 21.31 ± 0.20 (n= 131) 21.67 ± 0.50 (n = 122) 18.43 ± 0.38 (n = 37) 1 and 3, 2 and 3 
Curvature (O/mm) 96.37 ± 0.59 (n = 131) 89.83 ± 1.46 (n = 37) 1 and 3 
Yield (% GFW) 76.23 ± 0.25 (n = 128) 76.11 ± 0.28 (n = 122) 77.84 ± 0.63 (n = 37) 1 and 3, 2 and 3 
Staple length (mm) 84.67 ± 0.85 (n = 128) 81.70 ± 0.84 (n = 122) 86.57 ± 1.61 (n = 37) 1 and 2, 2 and 3 
Staple strength 22.06 ± 0.80 (n = 128) 34.70 ± 0.98 (n = 122) 37.78 ± 1.64 (n = 37) 1 and 2, 1 and 3 
(N/ktex) 
Brightness (Y) 68.34 ± 0.89 (n = 128) 71.18±0.31 (n=37) * 
Yellowness (Y-Z) -2.68 ± 0.07 (n = 128) -3.66 ± 0.09 (n = 37) 1 and 3 
GFW (kg) 3.20 ± 0.06 (n = 131) 
CFW (kg) 2.42 ± 0.05 (n = 131) 
IMFD: mean fibre diameter; FDSD: fibre diameter standard deviation; CVD: coefficient of variation of fibre 
diameter; GFW: greasy fleece weight; CFW: clean fleece weight 
* No significant mean differences 
Table 2.5 Mean measurements of wool traits from fleeces shorn at 12 months for the 
progeny ofMV144-58-00 and Stoneyhurst. 
Traits Stoneyhurst (n=35) MV144-58-00 p- value (mean differences) 
Prickle factor 1.61 ± 0.25 3.80±0.22 (n=131) :::: 0.001 
MFD (!lm) 19.07 ± 0.23 16.89 ± 0.08 (n = 131) :::: 0.001 
FDSD (!lm) 3.89 ± 0.11 3.53 ± 0.05 (n = 131) 0.002 
CVD(%) 20.46 ± 0.54 21.31 ± 0.20 (n= 131) 0.080 
Curvature e Imm) 94.58 ± 1.84 96.37 ± 0.59 (n.= 131) 0.232 
Yield (% GFW) 71.84 ± 0.69 76.23 ± 0.25 (n = 128) :::: 0.001 
Staple length (mm) 73.33 ± 1.43 84.67 ± 0.85 (n = 128) :::: 0.001 
Staple strength (N/ktex) 31.30± 1.70 22.06 ± 0.80 (n = 128) ::::0.001 
Brightness (Y) 69.92 ± 0.59 68.34 ± 0.89(n = 128) 0.364 
Yellowness (Y -Z) -2.83 ± 0.09 -2.68 ± 0.07 (n = 128) 0.291 




Fleeces shorn at 12 months for progeny ofMV144-58-00 were significantly different 
to those of Stoneyhurst as shown in Table 2.5. This, however, is not surprising given the 
breed difference between MV144-58-00 and Stoneyhurst. Stoneyhurst progeny had on 
average higher MFD than MV144-58-00 progeny, but also had lower an MV144-58-00 
progeny. 
A good knowledge of the correlations between wool traits is essential since selection 
for the improvement of one trait may have a positive or negative effect on other trait(s). It 
is also essential to take the type of breed into consideration, as correlations between the 
wool traits of different breeds has been shown to differ. In general, the estimates of wool 
trait correlations found in this study were in agreement with those reported previously in 
the literature. As expected, a very strong correlation between GFW and CFW ofr = 0.88 
was observed during the first shearing year in MV144-58-00 half-sib family. This value is 
consistent with previously published values, for example Hawker et al., (1988) and Swan 
et al. (1995) both showed very strong genetic correlations between GFW and CFW ofr = 
0.99 and r = 0.90, respectively. This is of on-farm importance, as measuring GFW in the 
shearing shed is an indirect, but precise, selection criterion for improving CFW (Atkins 
and Mortimer, 1987). 
Although it is generally accepted within the wool industry that fleece weight and 
fibre diameter are positively correlated, no correlation between GFW and MFD was 
observed in this study for anyone year. An examination within fine strains by Swan et al. 
(1995) did not find evidence of a strong association between CFW and MFD, nor did an 
examination within strong-wool Merino sheep by Hancock et al. (1979). Gregory and 
Ponzoni (1981) did not find any increase in fibre diameter in the Roseworthy flock after 
12 years of selection for clean fleece weight, while Wuliji et al. (1999) concluded that the 
traditional belief within the Merino breeding industry which states that it is impossible to 
select for fibre fineness without a negative effect on fleece weight could be erroneous. 
Furthermore, Swan et al. (1995) pointed out that the anecdotal evidence from breeders 
that it is more difficult to simultaneously increase fleece weight and reduce MFD in fine-
wools is unfounded. The population of follicles varies between breeds of sheep and is 
genetically controlled. 
Moderate positive correlations between staple strength and MFD were observed for 
both half-sib families, in agreement with results by Lax et al. (1995) and Wuliji et al. 
(1991). A positive correlation between these two traits suggests that it would be very 
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difficult to select for one of the traits without the adverse effect on the other. However, the 
staple strength of some sheep cannot be explained completely by fibre diameter (Rogers, 
1994). Previous studies by Dijkstra (1994) demonstrated that staple strength could be 
controlled by other factors, that are independent of the fibre diameter, such as the intrinsic 
material strength of the fibres. The underlying factors contributing to a phenotypic staple 
strength value may vary between sheep, and there is a possibility that selection of fine 
wool of improved staple strength could be achieved. 
The moderate positive correlation between MFD and yellowness during the first and 
third years in the MV144-58-00 half-sib family are consistent with the moderate positive 
genetic correlation (r = 0.93) reported by Benavides and Maher (2000) in Corrledale sheep. 
Furthermore, McKenzie (2002) stated that a high, positive phenotypic correlation between 
MFD and yellowness suggests that selection of fibre fineness might reduce the yellowness 
of wool. If this theory holds true, then it is favourable to wool producers. In the MV144-
58-00 half-sib family, the correlation between FDSD and MFD during the first and second 
shearing years were r = 0.440 and 0.656, respectively. The first year value is comparable to 
those of Gifford et al. (1995), who estimated the correlation in rams at 10 and 16 months 
of age to be r = 0.46 and r = 0.48, respectively. 
Correlations between years for a single trait are also of importance as they allow 
predictions to be made about wool production. In this study, positive moderate - strong 
correlations were observed for MFD, staple strength, staple length and yield between 
years, thus these traits are predictable. Accordingly, sheep can be selected at a younger 
age when breeding to iIllprove one of these traits. 




The objective of this study was to identify genetic markers for wool quality and 
traits, and quantity. Two KRT genes (KRTl.2 and KRT2.l0); six KAP genes (KAPl.l, 
KAPl.3, KAP3.2, KAP6.1, KAP7 and KAP8); two micro satellites (BfMS and 
OarFCBI93) and the beta 3-adrenergic receptor (ADRB3) gene were selected for 
investigation. All ofthese loci have been reported to be polymorphic, and some have 
been indicated to have associations with wool quality trait(s). 
Since the wool fibre is mainly made up of the protein keratin, it was anticipated that \ vari~on at the genes coding for the keratin intermediate-filament proteins (KRT;) and . 
keratin intermediate-filament-associated proteins (KAPs) coul~_act on wool quality ~nd ) 
quantity. Furthermore there has been some reports associating genes that code for the 
;----~~-
KRTs and KAPs with variation in fibre diameter (Parsons et ai., 1996; Beh et ai., 2001), / 
staple strength (Rogers, 1994; Rogers et ai., 1994a), and wool colour and brightness 
(McKenzie, 2002). 
Five ofthe loci included in the study (KAP3.2, KAPl.l, KAPl.3, KRTl.2 and 
"'-----
OarFCB 193) have been mapped to ovine chromosome 11 (Figure 3.1). McLaren et ai. 
-~-------------------- - -----
(1997) identified two alleles at the KAP3.2locus using PCR-SSCP methods. Rogers et ai. 
--------------~------ - ---
(1994b) identified three alleles at the KAPl.l gene (accession numbers L33885-L33887) 
--------------.-------~- ----- --~',--
using agarose gel electrophoresis and s~.d~3r the_KJ\.P1.3gen.~ using PCR-SSCP 
methods (GenBank accession numbers L33888-L33892). A dia~~~:_p<?~yrtl~!E~isi,~~ 
reported at the KRTl.2locus using an MspI PCR-RFLP by Rogers et ai. (1993) and -
-~- ----- -- , 
McLaren et ai. (1997). Furthermore, the r~on spanning the KAPl.lIKAP1.3/KRT1.2 
loci on ovine chromosome 11 has been associated with variation in wool staple strength 
~-~ ______ --- ------ - - - ~-c_--__ _____'____- _________ ------ -------- . -- ---
in Romney sheep (Rogers et ai., 1994a). Twelv~a~s have been previously described at 
the OarFCB193 locus (Buchanan and Crawford, 1993). McKenzie et ai. (2001) published 
evidence of association of the OarFCB 193 locus with variation in wool colour and 
brightness, using a genome scan approach. 
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The HGT KAPs vary considerably in abundance in wool fibres (Parsons et al., 
1994a), also making the genes that code for these proteins (KAP6, KAP7, KAP8) suitable 
candidates for wool gene markers. K4r6, KAP7 allLKA~~_haye_alLb~el.l!!l~pped to ovine 
--~- -.-.-.-- .-----.-~, 
chromosome 1 (Figure 3.2). McLaren et al. (1997) reported two alleles at theKAP6.l 
s- ~~~ -~~~-
locus and four alleles at the KAP7locus using PCR-SSCP. Wood et al. (1992) mapped 
r-- __ 
KAP8 to chromosome 1 using somatic cell hybridisation, and identified eleven alleles at r-__ 
this locus. Parson et al. (1994c) mapped KAP6 to sheep chromosome 1 by genetic linkage 
to KAP8. Beh et al. (2001) reported evidence for a QTL affecting MFD in medium wool 
Merino breed to be on chromosome 1. 
KRT2.l0 has been mapped to ovine chromosome 3 (Figure 3.3). Two alleles have 
____ - _",_ .-" -r-_' --_ '_' _ ; ___ _ ',-.0', .,..--_____ ,............, 
been reported at the KRT2.10 locus using a BsrDI PCR-RFLP (McLaren et aI, 1997). 
A study by Bot et al. (2003) reported eight alleles at the BfMS locus, and 
~ 
significantly associated two of the eight BfMS alleles with variation in CFW and GFW. 
The ADRB3 gene was included in the study because it is known to be involved in 
energy partitioning, and therefore could affect the metabolic activity of the wool follicle 
and impact on wool production. Forrest et al. (2006) reported eight alleletiA~H) at the 
r-- -- -'- --' _OT'--:~ 
ADRB3 gene, and alleles at the ovine ADRB3 gene locus were associated with meat 
---~-------
quality and lamb survival (Forrest et al. 2003; Forrest et at. 2006). 
Given the above, it was anticipated that variation in these loci could impact on 
wool quality traits, such as staple strength, wool colour and brightness and wool quantity 
such as CFW, GFW and yield. 
This study used a candidate gene approach, involving two half-sib families. In 
order for any of the loci to be informative, they have to be heterozygous in the chosen 
sires allowing the segregation ofthe sire alleles to be followed in the progeny and 
segregation analyses performed. 
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Sex Average Female Male Locus code Marker Marker description or associated gene {cM) {cM} {eM) 
0.0 0.0 0.0 \DIK2574 DK2574A Sequence - tagged site 
0.6 1.7 0.0 \BM9202 BM9202 Sequence - tagged site 
21.0 10.7 29.3 \BMS745 BMS745 Sequence - tagged site 
23.6 19.7 29.3 TBX4 HELlO Microsatellite 
27.7 24.8 31.7 ACACA ACACA Acetyl coenzyme A carboxylase alpha 
28.9 24.8 34.1 \TGLA94 TGLA94 Microsatellite 
34.5 32.7 36.6 CCL8 MCPL Chemokine (C-C motif) ligand 8 
34.5 32.7 36.6 CCL8 MCPS Chemokine (C-C motif) ligand 8 
40.6 34.9 46.9 KlAA0100 KlA0100 mRNA sequence 
43.6 36.7 53.4 \TGLA51 TGLA51 Microsatellite 
45.4 39.7 53.4 MYBBP1A MYBBP1A MYB binding protein 
49.0 44.3 53.5 SPAG7 CSSME70 Sperm associated antigen 7 
52.4 47.1 59.3 \IDVGA46 IDVGA46 Microsatellite 
54.5 49.5 62.8 HS3ST3SA1 MCM210 Microsatellite 
61.0 57.1 65.1 \SRCRSP6 SRCRSP6 Microsatellite 
63.6 62.2 66.0 MYPN MCMA29 Myopalladin 
63.6 62.2 66.0 HILS 1 CSAP08E Histone HI-like protein 
65.1 64.0 66.9 WIL2L2 VIL2L2 ? 
66.6 66.1 67.1 \BM17132 BM17132 Sequence - tagged site 
66.6 66.7 67.8 \OARFCB193 FCB193 Microsatellite 
66.6 67.1 67.8 \LSCV36 LS36 Sequence - tagged site 
67.9 67.2 69.0 LASPI CSSM15 Lasp 1 protein 
67.9 67.2 70.2 IGFBP4 UW92A Insulin-like growth factor binding protein 4 
68.4 67.2 71.5 THRA THRA Thyroid hormone receptor alpha 1 
70.2 70.0 71.5 KRTlO KRT10 Keratin 10 
70.2 70.0 71.5 \CHIRUC04 CHIRUC4 Microsatellite 
70.2 70.0 71.5 ~CSAP029E CSAP12E Microsatellite 
70.2 70.0 71.5 ~CSAP029E CSAP29E Microsatellite 
71.9 70.5 73.3 KRTAP3.2 KAP3.2 Keratin associated protein 3.2 
71.9 71.5 73.3 KRTAP1 KAP1.1 Keratin associated protein 1.1 
72.5 71.5 74.2 KRTAP1.3 KAP1.3 Keratin associated protein 1.3 
73.4 71.5 76.5 ·KRTHA* KRT1.2 Keratin intermediate filament 1.2 
75.1 74.4 76.5 \MCMA24 MCMA24 Microsatellite 
75.1 74.4 76.5 \IOBT965 IOBT965 Microsatellite 
75.1 74.4 76.5 \CSSM065 CSSM65 Microsatellite 
77.7 77.4 78.0 MAPT BMS501 Microtubule associated protein tau 
77.7 77.4 78.0 MAPT TAU Microtubule associated protein tau 
79.6 77.4 82.4 \EPCDV023 EPCDV23 Micrbsatellite 
84.9 81.5 88.8 FALZ FALZ Fetal Alzheimer antigen 
84.9 81.5 88.8 \MCM120 MCM120 Microsatellite 
86.8 87.3 90.0 TNRC6C FL20015 Trinucleotide repeat 
96.6 94.5 94.9 \ETH3 ETH3 Microsatellite 
99.4 98.0 94.9 \CSRD281H CSRD81H Microsatellite 
103.6 99.4 110.5 \BMS948 BMS948 Sequence - tagged site 
109.6 103.2 118.3 \CSSM008 CSSM08 micro satellite 
Figure 3.1 Linkage map for part of ovine chromosome 11 (from 
http://rubens.its.unimelb.edu.au/~jillmljill.htm). The bolded genetic markers were 
investigated in this study. 
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Sex Average Female Male Locus code Marker Marker description or associated gene (cM) (cM) (cM) 
101.9 84.3 119.3 \BM4129 BM4129 Sequence - tagged site 
104.1 86.6 122.0 \VCD031 VCD031 RAPDMarker 
107.1 89.0 125.2 \MCM58 MCM58 Microsatellite 
111.3 91.7 130.5 \BL41 BL41 VANGLl 
111.3 91.7 132.2 \BM723 BM723 STS 
111.3 91.7 132.2 \BM723 BM723A STS 
113.8 92.9 133.9 \OARAE57 AE57 Microsatellite 
123.4 105.2 142.2 \MCMA6 MCMA6AH ? 
124.5 106.8 142.2 \MCMA6L MCMA6AL ? 
124.5 106.8 142.2 \BMS482 BMS482 Sequence - tagged site 
124.5 106.8 142.2 \CSSM054 CSSM54 Phosphoglycerate dehydrogenase 
126.0 107.9 143.2 PRPF3 BMS963 PRPF3 protein 
126.0 108.9 143.2 ARNT RME23 Aryl hydrocarbon receptor nuclear translocator 
126.0 108.9 143.2 THH TRHY Trichohyalin 
127.3 111.1 144.3 \RM065 RM65 Dinucleotide repeat 
132.0 115.3 149.1 ~CSAP033E CSAP33E Microsatellite 
134.9 120.0 150.4 IGSF9 KIA1355 Immunoglobulin superfamily 9 
135.7 121.5 150.4 ATPIA2 INRA6 ATPase 
137.0 121.5 152.9 ADAMTS4 ADAMST4 ADAM metallopeptidase 
139.8 122.7 156.8 \URB006 URB006 Sequence - tagged site 
143.6 127.6 160.4 \BM6438 BM6438 Sequence - tagged site 
143.6 127.6 160.4 OLIG2 OLIG2 Oligodendrocyte transcription factor 2 
144.8 127.6 162.2 \SRCRS23H SRCR23H ? 
144.8 127.6 162.2 \TGLA49 TGLA49 Microsatellite 
144.8 127.6 162.2 \DVEPC88 DVEPC88 Neu associated kinase 
145.3 127.6 163.1 KRTAP7-1 KAP7HAP Keratin associated protein 7.1 
145.3 127.6 163.1 KRTAP7-1 KAP7 B Keratin associated protein 7.1 
145.3 127.6 163.1 KRTAPS-1 KAPS Keratin associated protein S.l 
145.3 127.6 163.1 KRTAP7-1 KAP7 M Keratin associated protein 7.1 
145.3 127.6 163.1 KRTAP11-1 1-105 Keratin associated protein 11.1 
145.4 127.6 163.2 KRTAP6-1 KAP6 Keratin associated protein 6.1 
145.8 127.6 164.0 GRIKI GRIK1 Glutamate receptor, ionotropic, kainite 1 
149.6 131.5 168.-1-- APP APPOI0 Amyloid beta (A4) precursor protein 
150.5 131.5 169.5 \BMS574 BMS574 Sequence - tagged site 
150.5 131.5 170.2 \DVEPC117 DVEP117 Sequence - tagged site 
150.5 131.5 170.2 \DVEPCI17 DVEPC96 Sequence - tagged site 
152.1 132.8 171.3 \BMS2321 BMS2321 Sequence - tagged site 
153.2 132.8 173.1 \DVEPC128 DVEP128 Neura~ cell adhesion molecule 2 
157.1 138.0 176.7 \RM095 RM095 Dinucleotide repeat 
158.1 138.0 177.6 \MAF64 MAF64 Dinucleotide repeat 
169.2 150.1 188.2 \ILSTS004 ILSTS04 Sequence - tagged site 
171.1 152.6 188.2 \DVEPC54 DVEPC54 Microsatellite 
174.4 154.8 194.2 \MCMA8 MCMA8 Sequence - tagged site 
176.0 154.8 197.2 \MNS94 MNS94A Microsatellite 
193.1 169.9 216.0 \CSSM004 CSSM04 Microsatellite 
195.3 171.1 219.6 \BMS4000 BMS4000 Sequence - tagged site 
200.0 177.1 223.6 \VCD046 VCD046 ? 
Figure 3.2 Linkage map for part of ovine chromosome 1 (modified from 
http://rubens.its.unimelb.edu.au/~jillmljill.htm). The bolded genetic markers were investigated in 
this study. 
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Sex Average Female Male Locus Code Marker Marker description or associated gene (cM) (cM) (cM) 
149.6 151.4 148.8 \BMS695 BMS695 Sequence - tagged site 
149.6 151.4 148.8 \BM827 BM827 Microsatellite 
152.5 151.4 153.4 \MCM141 MCM141A ? 
153.1 151.4 154.3 \OARSHP2 SHP2 Microsatellite 
153.1 151.4 154.3 \lLSTS042 ILSTS42 Sequence - tagged site 
154.1 151.4 156.3 \BMS424 BMS424 Sequence - tagged site 
163.1 155.2 170.4 \BPI BPI Blood pressure QTLl 
163.1 155.2 170.4 \DU469297 DU469297 ? 
165.6 160.5 170.4 \EPCDV025 EPCDV25 ? 
167.1 166.2 170.4 KITLG SCF KIT Ligand 
168.7 166.6 172.4 \UCD013 UCD013 ? 
170.7 166.6 174.3 KERA KERA Keratocan 
170.7 166.6 174.3 LUM CSAP19E Lumican 
177.8 172.1 182.4 \AGLA293 AGLA293 Microsatellite 
179.4 174.9 183.5 -CSAP017E CSAP17E Microsatellite 
179.4 174.9 183.5 \OARFCB5 FCB5 Dinucleotide repeat 
179.4 174.9 183.5 GLYCAM1 GLYCAM1 Glycosy1ation dependant cell adhesion 
molecule 
179.4 174.9 183.5 \OARHH38 HH38 Microsatellite 
180.0 176.2 183.5 \ILSTS022 ILSTS22 Sequence - tagged site 
180.0 176.2 183.5 RARG RARG Retinoic acid receptor 8 
182.9 178.7 186.5 KRTHB* KRT2.10 Keratin 
183.9 181.2 186.5 KRTHB* KRT2.13 Keratin 
183.9 181.2 186.5 \BMC1009 BMC1009 Similar to intermediate filament type II keratin 
186.3 181.2 190.9 \CABB011 CABB11 Genomic survey sequence 
188.2 185.3 190.9 \CSSM034 CSSM34 Microsatellite 
188.2 185.3 190.9 HDAC7A KD103 Histone deacety1ase 7 A 
188.2 185.3 190.9 \UCD052 UCD052 ? 
195.5 188.6 201.0 \BL4 BL4 Bell-like homeodomain protein 4 
197.0 190.4 202.8 LYZ LYZ Lysozyme 
198.6 191.8 204.6 \CSRD2125 CSRD125 ? 
199.1 191.8 205.5 IFNG KP6 Interferon gamma 
199.1 191.8 205~5 . IFNG IFNG Interferon gamma 
199.1 191.8 205.5 IFNG IFNGHAP Interferon gamma 
202.2 195.4 207.8 \BMS1617 BMS1617 STS 
204.1 196.7 210.6 \OARVH34 VH34 Microsatellite 
206.2 197.7 213.7 \BR2936 BR2936 Sequence - tagged site 
207.0 197.7 215.5 \OARVH 13 0 VH130 MicrQsatellite 
207.0 197.7 215.5 \MAF23 MAF23 Microsatellite 
209.0 199.0 218.1 \OARCP43 CP43 Microsatellite 
214.7 208.6 219.8 \RM154 RM154 Tandem repeat region 
218.5 211.3 223.7 IGFI IGFI Insulin like growth factor 
218.5 211.3 223.7 IGF1 IGF1.B Insulin like growth factor 
218.5 211.3 223.7 IGFI IGF 1 HAP Insulin like growth factor 
218.5 211.3 223.7 IGF1 CSAP40E Insulin like growth factor 
223.9 215.4 231.6 \CSRD2111 CSRDl11 ? 
224.4 215.4 232.5 -CSAP009E CSAP09E ? 
Figure 3.3 Linkage map for part of ovine chromosome 3 (modified from 
http://rubens.its.unime1b.edu.au/~ji11m1ji1l.htm). The bo1ded genetic markers were investigated in 
this study. 
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3.2 Materials and methods 
Animals used to screen for polymorphism 
In addition to the animals described in Chapter Two, a selection of unrelated Merino 
sheep as well as two additional, but small (n =15) Merino half-sib families were used to 
screen for polymorphism at each of the loci of interest. 
Genomic DNA extraction from sires 
Genomic DNA was extracted from the heparinised blood of the sires by NaCI 
fractionation (Montgomery and Sise, 1990; Appendix Fl). 
Blood sampling on FTATM cards and DNA isolation 
Blood was collected from the progeny and their ewes on to FT A ™ cards (Whatman 
International Ltd, UK). These were stored at room temperature. A small punch (1.2 mm in 
diameter) was taken from the blood on the FTATM cards using a Harris Micro Punch 
(Whatman International Ltd, UK) and put into a 200 f.!L tube. The DNA on the punches 
was isolated following a modified manufacturer's protocol (Appendix F2). The tubes 
containing the isolated DNA on punched discs were stored at 4°C and used for the 
subsequent PCR reaction. 
Primers for PCR amplification 
Except for the primers used to amplify the KAP 1.1 and KAP 1.3 loci, all the primer 
sequences used in the study were obtained from the literature, and are summarised in Table 
3.1. All primers were synthesised by Invitrogen New Zealand Limited, Penrose, Auckland, 
New Zealand. 
Design of PCR primers for KAP1.1 and KAP1.3 
"In house" primers were designed from published gene sequences using 
DNAMANTM (version 4.0, Lynnon Biosoft, Quebec, Canada). This software produced 
many sets of primers, and these were all entered into the BLAST algorithm to search for 
homology between the sequences and other genes in GenBank. Those primers which 
showed homology with genes other than the keratin genes of interest were discarded. 
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Rogers et ai. (1994b) has previously published KAP 1.1 primers, designed to 
amplify the coding region of the KAP1.1 gene (GenBank accession number X01610). 
These were AU 5' - AGA TGC AGA AGG TGG AGC CAA AAC-3' (upstream), located 
from nucleotides 344-367 and AD1 5'-GAA TGG TIC TIG AGA GAT CAG CGC-
3'(downstream), located from nucleotides 985-1008 or AD2 5'-AGC AGG ACT GTC 
CAC AGT AGG ATG-3' (downstream), located from nucleotides 834-857. The AU/AD 1 
defined a 665 bp amplimer, while AU/AD2 defined a 516 bp amplimer. However, Rogers 
(1994) reported that the KAPl.1 gene could not be PCR-amplified with the AU and AD1 
primer pair in some sheep, and this was consistently observed for the same sheep whose 
genomic DNA could successfully amplify the KAPl.3 gene. For this study, the AU/AD 1 
and AUf AD2 primer sets did not amplify all the samples from the half-sib family 
efficiently, and so new KAP1.1 primers were designed "in house" based on a published 
gene sequence (Powell et ai., 1983; GenBank accession number X01610). The two primers 
chosen were: KAPl.1up 5'-CAA CCC TCC TCT CAA CCC AAC TCC-3' and KAPl.1dn 
5'- CGC TGC TAC CCA CCT GGC CAT A-3', located from nucleotides 385-408 and 
674-695 (GenBank accession number X01610) respectively and designed to amplify a 311 
bp fragment of the KAP 1.1 gene. 
Two sets of primer sequences were used to amplify the KAP1.3 locus. The first set 
of primers were as descplJed by Rogers et ai. (1994b), and were only used to amplify the 
MV144-58-00 half-sib family. These primer sequences were as follows: CU 5' - GGG 
TGG AAC AAG CAG ACC AAA CTC -3'and CD 5'- TAG TTT GTI GGG ACT GTA 
CAC TGG C -3', located from nucleotides 308-331 and 881-905 (GenBank accession 
number X02925) respectively, and designed to amplify a 598 bp region ofthe KAPl.3 
locus. Primer CD has a single nucleotide mismatch with the published GenBank accession 
number X02925, but this did not appear to affect its performance. 
A second set of KAP l.3 primers was designed for use as the original primers 
described above had a tendency to form unacceptable amounts of primer-dimer. The two 
primers were designed based on a published gene sequence by Powell et ai. (1983), 
(GenBank accession number X02925). These were: KAPl.3up 5'- CAA GCA GAC CAA 
ACT CAG AAA C -3' and KAPl.3dn 5'-TGT CCA CAG TAG GAT GGG CGG C-3', 
located from nuc1eotides 316-337 and 730-751 ofthe GenBank X02925 sequence 
respectively, and designed to amplify a 436 bp fragment of the KAP1.3 gene. 
Table 3.1 Primer sequences and source references for each locus investigated. 
Locus Primer Sequence Source 
Keratin genes 
KAPl.1 5' - CAACCCTCCTCTCAACCCAACTCC-3' Designed using 
5'- CGCTGCTACCCACCTGGCCATA-3' DNAman 
KAPl.3 5' - GGGTGGAACAAGCAGACCAAACTC-3' Rogers et al. 
5' - TADTTTGTTGGGACTGTACACTGGC-3' (1994b) 
KAPl.3 5' - CAAGCAGACCAAACTCAGAAAC-3' Designed using 
5'- TGTCCACAGTAGGATGGGCGGC-3' DNAman 
KRTl.2 5' - CACAACTCTGGCTTGGTGAACTTG-3' Rogers et al. 
5'- CTTAGCCATATCTCGGATTCCCTC-3' (1993) 
KAP3.2 5' - CGAGACACCAAGACTTCTCTCATC-3' McLaren et al. 
5' - AGTGAGTGTTGAAGGCCAGATCAC-3' (1997) 
KAP6.1 5'- CCAATGGCATGAAGGTGT-3' McLaren et al. 
5'- AAAAAGGGAAGGGTTGGTG-3' (1997) 
KAP7 5' - CATCGGACAGCTTGAGGTAT -3' McLaren et al. 
5' - ACAGAGAATTGAGGGCGG-3' (1997) 
KAP8 5'- GGACGCAACTGAGGACGCAACTG-3' Wood et al. (1992) 
5'- ACACTTGGAATTCAATAAATATGTGTTGG-3' 
KRT2.10 5'- ATGGCCTGCCTGCTCAAGGAGTAC-3' Rogers (1994) 
5' - CTTAGGACTGAGACTAGGATGAGG-3' 
Microsatellites 
OarFCB193 5' TTCATCTCAGACTGGGATTCAGAAAGGC-3' 
5' GCTTGGAAATAACCCTCCTGCATCCC-3' 
BfMS 5' - CAACGGTCTGCAACCGAATTACC-3' 
5'- CAATCCGTGGGTTGGAACACAA-3' 
Beta 3-adrenergic receptor gene 








Optimisation of conditions for amplification using PCR 
The PCR conditions for the loci that are described in the literature were initially 
used. However, with the exception of the PCR for the ADRB3 gene locus, re-optimisation 
was necessary for amplification in an i-Cycler PCR machine (Bio-Rad Laboratories Inc., 
Hercules, CA, USA). The PCR protocols were optimised by using a temperature gradient 
(to determine annealing temperature) coupled with a magnesium titration. 
Amplification of the loci using PCR 
PCR amplifications were performed in a reaction mixture containing ~ 50 ng of 
genomic DNA from whole blood or genomic DNA on a washed 1.2 mm punch ofFTATM 
paper, 1 x PCR reaction buffer with 1 U Taq polymerase (Qiagen, GmBH, Hilden, 
Germany). Table 3.2 lists the total reaction volume used along with the specific dNTP, 
primer, magnesium, and Q concentrations for each locus. 
With the exception of OarFCB193, amplification consisted of 1 min denaturation 
at 95 DC, followed by 30 cycles of denaturation at 95 DC for 1 min, annealing at the 
temperature specified in Table 3.3 for 1 min and extension at 72 DC for 1 min, with a final 
extension of 72 DC for 7 min. The amplification parameters for OarFCB 193 were 
replicated from Buchanan and Crawford (1993) and were as follows: 7 cycles of 
denaturation at 95 DC for 30s and annealing at 65 DC for 1 min, and 20 cycles of 
denaturation at 90 DC for 30s and annealing at 65 DC for 1 min. 
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Table 3.2 Optimised PCR conditions for each locus investigated. 
Locus Total Primer dNTP Mg2+ Q 
volume concentration concentration concentration Conce-
(l1L) (nM) (11M) (ruM) tration (x) 
KAP 1. 1 25 350 175 1.0 Ix 
KAP1.3 25 350 175 1.0 Ix 
KAP3.2 25 350 175 1.0 Ix 
KAP6.1 25 400 200 1.0 Ix 
KAP7 25 350 175 1.0 Ix 
KAP8 25 350 175 1.0 Ix 
KRT2.10 20 400 200 1.0 
KRT1.2 25 350 175 1.0 Ix 
OarFCB193 25 400 200 1.0 
BfMS 25 350 175 1.0 Ix 
ADRB3 25 250 125 0.5 0.5x 




























* = Variable length as amplification of a micro satellite region 
# = Amplified with primers by Rogers et al. (1994b) 














Agarose gel electrophoresis 
Amplimers were analysed in 1.0% w/v SeaKem® LE agarose (FMC Bioproducts, 
Rockland, Maine, USA) gels prepared with 1 x TBE buffer (89 mM Tris, 89 mM 
orthoboric acid, 2 mM N a2EDTA; pH 8) containing 0.1 mg/L ethidium bromide. Five J.lL 
ofPCR product was added to 2.5 J.lL ofloading dye (0.2% bromophenol blue, 0.2% xylene 
cyanol, 40% (w/v) sucrose) and the gels were electrophoresed at a constant 10 Vcm-1 for 
30 minutes. A molecular weight marker (Invitrogen Life Technologies) was included on 
the gel to give an indication of the fragment size. DNA bands were viewed on a UV 
transilluminator (254 nm) and a photograph taken for records. 
Detection of length variation in the KAP1.1 gene 
PCR products were visualised by electrophoresis in 2% SeaKem ® LE agarose 
(FMC Bioproducts) gels with Ix TBE buffer (89 mM Tris, 89 mM orthoboric acid, 2 mM 
Na2EDTA) containing 0.1 mg/L ethidium bromide. A 10 J.lL aliquot ofPCR product was 
added to 2.5 J.lL ofloading dye (0.2% bromophenol blue, 0.2% xylene cyanol, 40% (w/v) 
sucrose) and the gels were run at a constant 10 Vcm-1 for 90 min, prior to visualisation by 
transillumination at 254 nm and a photograph was taken for records. 
Optimisation of SSCP gels 
PCR-SSCP conditions were available in the literature for KAP3.2 and KAP6.1 
(McLaren et at., 1997); KAP1.3 and KRT1.2 (Rogers, 1994) and OarFCB193 
(McKenzie, 2002), however these were deemed to be insufficiently stringent as in the 
case of KAP 1.3 and KRT1.2. For this reason, with the exception ofthe ADRB3 gene 
whose PCR-SSCP conditions were obtained from Forrest et at. (2003), all ofthe PCR-
SSCP protocols used in this study were established empirically using template DNA from 
two small half-sib families (to observe inheritance of allele-specific banding pattern) and 
DNA samples from other unrelated Merino sheep (for increased genotypic variation). 
Many different gel conditions (gel percentage, voltage, time of running, temperature, 
addition of glycerol) were assessed to determine the optimum combination of conditions 
to resolve allele specific banding patterns in a reproducible manner. Amplimers from sires 
MVI44-58-00 and Stoneyhurst, and their selected progeny were also included on the 
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optimising gels in order to ascertain allele banding patterns by following inheritance, and 
to determine whether the sires were heterozygous, and therefore informative, for the locus 
genotyped. 
Alleles were named in the order they were identified using letters of the alphabet. 
Detection of sequence variation using PCR-SSCP 
Each locus used specific SSCP gel conditions, and these are summarised in Table 
3.4. Polyacrylamide (37.5:1 acrylamide / bis-acrylamide, Bio-Rad Laboratories, Hercules, 
Ca, USA) vertical gels (Protean II 16 x 16 cm, 1.0 mm thick spacers, 28 well comb, 
Hoefer, Inc., San Francisco, Ca, USA) were prepared containing 0.5x TBE (44.5 mM 
Tris, 44.5 mM orthoboric acid, 1 mM Na2EDTA [pH 8.0]) and polymerised using 10% 
ammonium persulphate and TEMED. Gels were pre-electrophoresed at running 
temperatures and voltage for one hour. Amplimers were mixed with 50 ~L loading dye 
(95% formamide, 10 mM Na2EDTA, 0.025% bromophenol blue, 0.025% xylene cyanol), 
denatured by heating at 95°C for 5 min and immediately placed on wet ice before loading 
15 ~L aliquots. The gels were then electrophoresed at the optimum gel conditions with 
O.5x TBE running buffer, followed by silver-staining according to the method of 
Sanguinetti et al. (1994). 
Two sets ofSSCP gel conditions were used to distinguish between KAP1.3 alleles 
that had similar electrophoretic mobility patterns on the original polyacrylamide gel. The 
second gel contained 8~ polyacrylamide (37.5:1 acrylamide / bis-acrylamide) and 1 % 
glycerol. Samples were run on the first gel (that had 0.2% glycerol) and if they typed with 
a C or I allele, they were re-run next to each other and standards, on the second gel type. 
Two sets of SSCP gel conditions were also used to distinguish between two 
KRT1.2 alleles (D and F), that had similar electrophoretic mobility patterns on the original 
polyacrylamide gel. The second gel contained 10% polyacrylamide (37.5:1 acrylamide / 
bis-acrylamide) and 5% formamide. Samples were run on the first gel and if they typed 
with a D or F allele, they were re-run next to each other along with the appropriate 
standards, on the second gel. 
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Table 3.4 Optimised SSCP conditions for the loci investigated. 
Locus Gel % Run TemperatureZ Voltage Glycerol Formamide 
(37.5:1)1 length (OC) (V) (%) (%) 
(hrs) 
KAPI.3 8 18 32 200 0.2 
KAPI.3 8 18 32 200 1 
KAP8 10 4 20 200 
KRT I. 2 10 18 32 250 
KRTI.2 10 18 32 250 5 
ADRB3 12.5 18 11 320 
KAP3.2 8 17 30 250 
BtMS 12 7 15 300 
KAP8 10 4 20 200 
I AcrylamidelBis-acrylamide ratio 
2 The vertical gel electrophoresis tanks were connected to a circulating water chiller to maintain a constant 
gel temperature. This is the temperature listed in the above table. Gels for ADRB3 were run in a cool room. 
Cloning of allele standards for each locus 
For each locus, genomic DNA was selected from various animals such that all the 
alleles detected were represented in their collective genotypes. This DNA was amplified 
using the PCR conditions described above and the amplimers were subsequently cloned 
using the Promega pGEM@ - T Easy Vector System I (Promega Corporation, Madison, WI, 
USA). Note, each plasmid can only accept one molecule of DNA and therefore only one 
allele. Ligation reactions were performed in a total reaction volume of 10 ilL containing 
three units T4 DNA ligase, 50 ng of plasmid DNA and 1 x ligation buffer, and incubated 
overnight at 4°C. Constructs were transformed into competent E. coli cells (Invitrogen TM, 
One Shot™, INVuF') using the manufacturer's protocol. Si~ty ilL and 150 ilL of the 
transformation mix were spread on labelled LB (0.5 % casein hydrolysate, 0.25 % yeast 
extract, 85.6 mM NaCl; pH 7.0) agar plates containing 100 llg/mL ampicillin that had been 
spread with 40 ilL of 40 mg/mL X-Gal (BDH Laboratory Suppliers, Poole, England). The 
plates were incubated overnight at 37°C. Six colonies for each representative allele were 
selected and cultured overnight in terrific broth (Invitrogen Corporation, Paisley, Scotland, 
UK), supplemented with 50 llg/mL ampicillin, for plasmid isolation. Colonies were 
screened for the correct alleles using a rapid boiling-PCR method (Appendix F3). 
Amplimers were run on 2% agarose gels next to the original genomic PCR amplimers for 
comparison. Plasmid DNA was then isolated from clones, which had banding patterns 
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corresponding to the original banding pattern seen from amplimers of genomic DNA, 
using the FastPlasmid™ Mini Kits (Eppendorf, Hamburg, Germany) following the 
manufacturer's instructions. These amplified plasmid DNAs were subsequently sequenced 
and used as standards for scoring unknown genotypes. 
Genotyping 
All sheep were genotyped by comparison to allele standards generated through 
cloning. Amplimers from the sire DNA were also run on the gels to confirm that each 
sheep contained an allele inherited from the sire. 
In the event where a lamb had the same genotype as its sire, the genotype of the 
ewe was determined, in order to ascertain, if possible, the allele inherited from the sire. 
DNA sequencing 
Plasmid standards were sequenced in the forward and reverse directions using the 
M13 forward and reverse primers at the Waikato University DNA Sequencing Facility, 
University ofWaikato, New Zealand or Lincoln University Sequencing Facility, Lincoln, 
New Zealand. The sequences were compiled using DNAMAN™version 4.0 (Lynnon 
Biosoft, Quebec, Canada) and the electropherograms. To minimise the likelihood ofPCR 
and sequencing errors, sequence data was derived from four separate colonies, at least two 
of which were from independent PCR amplifications. When sequencing data was 
consistent, the sequences were submitted to NCBI GenBank 
(http://www.ncbi.nlm.hih.gov) (see sequences submitted to the NCBI GenBank on pages 
v-vi). 
3.3 Results 
Eleven loci (KAPl.1, KAPl.3, KAP3.2, KAP6.1, KAP7, KAP8, KRTl.2, 
KRT2.10, OarFCB193, BfMS and ADRB3) were included in the study. All of them were 
amplified successfully using PCR and polymorphism was detected at seven loci (KAP 1.1, 
KAPl.3, KRTl.2, ADRB3, KAP8, KAP3.2 and BfMS). Ofthe loci which were 
polymorphic, four (KAPl.1, KAPl.3, KRTl.2 and ADRB3) were heterozygous for 
MV144-58-00 and Stoneyhurst (Tables 3.5 and 3.6), and thus potentially informative as 
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genetic markers. KAP8 was heterozygous in Stoneyhurst, but homozygous in MVI44-58-
00. The remaining loci appeared to be homozygous in the sires, and thus uninformative. 
Table 3.5 MVI44-58-00 and Stoneyhurst genotype results for all the loci investigated in 
the study, indicating whether the sire genotype was informative (heterozygous) or non-
informative (homozygous). 
No. of MV144-58-00 Stoneyhurst Informative l 
Locus alleles 
detected# 
genotype genotype (Yes / No) 
KAPl.l 3 AB BC Yes 
KAPl.3 10 BD CJ Yes 
KRTl.2 6 AB DE Yes 
ADRB3 6 CE CE Yes 
KAP8 4 AA AB Yes2 
KAP3.2 3 AA AA No 
BfMS 3 AA CC No 
KAP6.1 1 AA AA No 
KRT2.10 1 AA AA No 
KAP7 1 AA AA No 
OarFCB193 not resolved 
IHeterozygous = infonnative; homozygous = uninfonnative 
2Infonnative for Stoneyhurst only. 
#in this study 
Table 3.6 Polymorphic genes that were heterozygous in the sires and the number of alleles 
identified. 
Locus No. of alleles Type of MV144-58-00 Stoneyhurst 
detected polymorphism genotype genotype 
KAP 1. 1 3 Length AB BC 
variation 
KAPl.3 10 Nucleotide BD CJ 
substitution 
KRT1.2 6 Nucleotide AB DE 
substitution 
ADRB3 6 Nucleotide CE CE 
substitution 
KAP8 4 Nucleotide AA AB 
substitution 
Informative loci for MV144-58-00 and Stoneyhurst (KAP1.1, 
KAP1.3, KRT1.2 and ADRB3) 
Polymorphism within the KAP1.1 amplimer 
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Three unique banding patterns that varied in length were observed for the KAP 1.1 
amplimer using PCR-agarose gel electrophoresis typing methods. These were designated 
A, Band C (Figure 3.4). Sequence analysis revealed that the length of each of these AFLP 
bands were 341 bp, 311 bp and 281 bp, respectively. Sequencing analysis confirmed that 
the length variation was the result of an insertion or deletion of a 30 bp region ofthe 
sequence (Figure 3.5). 
Figure 3.6 shows an alignment of the KAP 1.1 alleles identified in this study with 
alleles published by Rogers et al. (1994b), together with the original published KAP 1.1 
gene (Powell et al., 1983). The nucleotide sequences of alleles A and C shared 100% 
homology (within the region amplified excluding the primers) with Rogers et al.'s (1994b) 
Au allele (341bp, GenBank accession number L33885) and Ay allele (281, GenBank 
accession number L33887), respectively. The sequence of allele B from this study, and of 
allele AP of Rogers et al. (1994b) (GenBank accession number L33886) differed with five 
















--... 341 bp 
--.... 311 bp 
--.... 280bp 
Figure 3.4 Length polymorphism within the KAP1.1 amplimer, separated in a 2% agarose 
gel electrophoresis at a constant 10 Vcm-I for 90 min. Lane 1 contains a molecular weight 
marker (MM), lanes 2-7 show all possible allele combinations for the three alleles 
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Figure 3.5 Comparison of KAP 1.1 alleles A, B and C (GenBank accession numbers A Y835603 -
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A Y835605, respectively) with Rogers et al. (1994b) alleles a, p and 'Y, (GenBank accession numbers L33885, 
L33886 and L33887, respectively) and part of the published KAPl.l gene sequence XOl610 (Powell et al. 
1983). Upstream and downstream primers are underlined and the start codon is bolded. Dashes represent 
similar nucleotide to A allele above and dots represent nucleotide missing in the alleles. Represent chi-
like sequences . • Represent tandem repeat sequence. It is of note that there is minor sequence variation at 
the DNA level both within and between the genes. 
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Table 3.7 Alignment of the KAPl.l allele sequences (A-C), GenBank accession numbers 
AY835603- AY835605, and the A~ allele of Rogers et al. (1994b), GenBank accession 
number L33886. 
S P Alleles Coding change 
AP A B C 
74 T458 C T T T Ser~ Pro 
111 C495 C A C C Pro~Gln 
177 C561 T C C C Ser~ Phe 
207 C591 T C C Ser~ Phe 
241 C625 T C C C Silent 
262 C646 C G C C Silent 
289 C673 T C C C Silent 
S = Nucleotide position relative to alignment shown in Figure 3.6. P = position relative to Powell et 
al. (1983), GenBank accession number X02925. 
Polymorphism within the KAP1.3 amplimer 
Nine alleles were initially identified in the progeny ofMVI44-58-00, and these 
were named A-I (Figure 3.6 and 3.7). The allele sequences have been lodged in the NCBI, 
GenBank with accession numbers: AY835589 - AY835597, respectively. A new (tenth) 
allele named J was identified in the progeny of Stoneyhurst. Allele J had a very similar 
SSCP pattern to that of allele A, but was successfully characterised with the use ofthe 
second set of primers. All of Stoney hurst's progeny were genotyped with the second set of 
primers. Furthermore, the 49 progeny from MVI44-58-00 that genotyped with allele A 
previously were re-genotyped with the new primers, and while 38 of these were confirmed 
to carry the A allele, 11 progeny were found to contain the J allele. 
The KAP1.3 B allele identified in this study had 100% sequence homology (within 
the region amplified excluding the primers) to the KAP1.3 gene sequence reported by 
Powell et al. (1983) and with the 't allele reported by Rogers et al. (1994b). There was no 
other sequence concordance between the alleles previously described by Rogers et al. 
(1994b) and the alleles identified in this study (Table 3.8). Therefore, in total, fifteen 
KAPl.3 alleles have now been identified. 
Figure 3.8 shows the alignment ofKAPl.3 alleles identified in this study and 
Rogers et al. (1994b) alleles, and the KAP1.3 published gene (Powell et al., 1983). 
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ABC D E F G H I ABDF BC DDADBDDE BE DC BGCDDFDHBB 
Standards Samples 
Figure 3.6 SSCP analysis of the 598 bp amplimer of the KAP1.3 gene electrophoresed on 
an 8% non-denaturing acrylamide/bis-acrylamide gel that contained 0.2% glycerol for 18 
hrs, 200V at room temperature with 32°C water circulating through the apparatus core. 
Standards are derived from plasmid DNA for alleles A through I respectively. Sire 
MVI44-58-00 genotype BD is bolded and selected half-sib progeny are shown in italics. 
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ABC D E F G H I C BC DI BC CD DI 
Standards Samples 
Figure 3.7 Differentiation ofKAP1.3 alleles C and I. Standards are amplified from 
plasmid DNA for alleles A through I respectively, followed by samples with either a C or I 
allele. Amplimers were electrophoresed on an 8% non-denaturing acrylamidelbis-
acrylamide gel that contained 1.0% glycerol for 18 hrs, 200V at room temperature with 32 
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A_(AY835589) AGCCCACCTGCTCCCAACCCATCTGT TAAAAACCTACTGATGGAAATTCT 
B_(AY835590) --------------------------------------------------





































































































































Figure 3.8 Comparison of KAP1.3 alleles A -I (GenBank accession numbers A Y835589 
to AY835597, respectively) with Rogers et al. (1994b) alleles a, p, -y, 0, t and 't, (GenBank 
accession numbers L33888, L33889, L33892, L33890 and L33891, respectively) and part 
of the published KAP1.3 gene sequence X02925 (Powell et al., 1983). Upstream and 
downstream primers are underlined and the start and stop codons are bolded). Dashes 
represent the same nucleotide as KAP 1.3 A allele above and dots represent nucleotides 
missing in the J allele. Represents chi-like sequences . • Represent tandem repeat 
sequence. It is of note that there is minor sequence variation in the tandem repeat sequence 
at the DNA level both within and between the genes. 
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Table 3.8 Alignment ofthe KAPl.3 allele sequences (A - I), GenBank accession numbers 
A Y835589 to AY835597. 
Alleles 
S P A B C D E F G H I 
53 A JbU - - - - G - - G -
60 CJ 0 1 - - G - - - - - -
66 A JIJ - - - - - - - - G 
67 CJ / 4 - - - - - - - - A 
160 ~Ol - - - - C" - - - -
178 G'HI:> - - - - - - A - -
184 r Y1 C" - C - - C C C -
232 C:>j~ - - - - T" - - - T 
241 C:>4!1 - - G" - - - - - -
264 C:l ll T - T - - T - T T 
313 GOlU - - - - - A - A -
337 G{)44 - - - A* - - - - -
352 G°:>Y - - - - - - - A -
364 COil T'" - - - T" T" - T" T 
380 TO!I' - - - - - - C - -
486 C793 - - - - - - - - Tlf 
557 AlSb4 - - - - - - - T -
598 T~u:> A A A A A A A A A 
S = position of a substituted nucleotide in this study. P = position relative to Powell et at. (1983), GenBank 
accession number X02925 . The shaded area represents the coding region while the un-shaded area represents 
the non-coding region and a dash represents the same nucleotide as in Powell et al. (1983) . 
• = silent, # = Pro-Ser 
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Polymorphisms within the KRT1.2 amplimer 
Five unique banding patterns were identified for the KR Tl.2 amplimer using PCR-
SSCP typing methods (Figures 3.9 and 3.10). Sequence analysis confirmed that these 
SSCP patterns represented five alleles and they were designated A-E. (GenBank, accession 
numbers A Y835598-A Y835602, respectively). A new (sixth) allele named F, was found in 
two of the ewes which were genotyped to determine which sire alleles segregated in the 
progeny that genotyped the same as MVI44-58-00. Allele F had a very similar SSCP 
pattern to that of allele D, and required a second gel that contained formamide for 
differentiation. Figure 3.11 shows the nucleotide sequence alignment of the KRTl.2 
alleles. Most of the polymorphism in the amplified exon 1 region are silent while few 
resulted in amino acid change (Table 3.9). 
ABC D E AB AE BE BB BC AC AB AD AA AB BD AC 
Standards Samples 
Figure 3.9 SSCP analysis of 480 bp amplimer of the KRT1.2 gene in MVI44-58-00, 
electrophoresed on a 10% non-denaturing acrylamide/bis-acrylamide gel for 18 hrs, 250V 
at room temperature with 32°C water circulating through the apparatus core. The standards 
are derived from plasmid DNA for alleles A through E respectively. Sire genotype AB is 
bolded and his randomly selected half-sib progeny are shown in italics. 
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ABC D E DE BD BE AE DC CE AE AD BD BE BD 
Figure 3.10 Genotyping using SSCP ofa 480 bp amplimer ofthe KRT1.2 gene in 
Stoneyhurst, electrophoresed on a 10% non-denaturing acrylamidelbis-acrylamide gel for 
18 hrs, 250V at room temperature with 32°C water circulating through the apparatus core. 
The standards are derived from plasmid DNA for alleles A through E respectively. Sire 
genotype DE is bolded and his randomly selected half-sib progeny are shown in italics. 
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Table 3.9 Alignment of the KRT1.2 allele sequences (A-E), GenBank accession numbers 
A Y835598 to A Y835602. pi = position of a nucleotide in the peR amplimer. p2 = position 
relative to Wilson et al. (1988) GenBank accession number M23912. N = Nucleotide in 
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Figure 3.11 Alignment of the KRT1.2 allele sequences A - E (GenBank accession 
numbers AY835598 to AY835602, respectively) and the published gene sequence M23912 
by Wilson et al. (1988). Upstream and downstream primers are underlined and the start 
codon is bolded. Dashes represent the same nucleotide as KRTl.2 A allele above. 
Represent chi-like sequences. .. The only non-silent polymorphism. 
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Polymorphisms within the ADRB3 amplimer 
The allelic SSCP banding patterns observed in this study were identical to those 
observed by Forrest (2002) and revealed six ADRB3 alleles (A-F) within the half-sib 
families. Figure 3.12 shows the genotype ofMV144-58-00 and the progeny genotype. The 
ADRB3 alleles were not sequenced as Forrest et al. (2002, 2003, 2006) completed 
extensive sequencing of each of the representative banding patterns. 
Informative loci for Stoneyhurst (KAP8) 
Four banding patterns were identified for the KAP8 micro satellite amplimer using 
PCR- SSCP typing methods in the progeny of Stoneyhurst, and these were named A, B, C 
and D (Figure 3.13). The alleles were not sequenced. 
Mendelian inheritance 
Mendelian inheritance was observed in MV144-58-00 and Stoneyhurst half-sib 
families for all the loci that were informative for the sires. Table 3.10 demonstrates 
Mendelian inheritance ofKAP1.3 gene in the Stoneyhurst half-sib. A Chi-square goodness 
of fit analysis to test whether the segregation of the sire alleles differed from a 1: 1 ratio 
confirmed normal Mendelian segregation at all of the loci that were informative 
(heterozygote) for the sires MV144-58-00 and Stoneyhurst (Appendix I). 
Uninformative loci for MV144-58-00 and Stoneyhurst (KAP3.2, 
BfMS, KAP6.1, KAP7, KRT2.10, OarFCB193) 
Whilst KAP3.2 and BfMS were found to be polymorphic in the progeny used in 
this study, these loci appeared to be homozygous in MV144-58-00 and Stoneyhurst 
(Figures 3.14-3.15, respectively). This was confirmed with cloning and sequencing 
amplimers derived from sire MV144-58-00. 
Polymorphism could not be detected at the KAP6.1, KAP7 and KRT2.10 loci in 
any of the animals used in this study. Figure 3.16 shows the alignment of nucleotide 
sequences from MV144-58-00 KAP7 amplimer (GenBank accession number AY791846) 
with the published KAP7 gene by Kuczek and Rogers (1987); GenBank accession 
number X05638) which shows two unique sequences. PCR-SSCP conditions to resolve 
the micro satellite OarFCB 193 could not be established. 
ABC D E F FG CE EF CE BE CE AE CC CC CE 
Standards Samples 
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Figure 3.12 PCR-SSCP analysis of the 467 bp section of the ovine P3-adrenergic receptor 
intron, electrophoresed on a 12.5% non-denaturing acrylamidelbis-acrylamide gel for 18 
hrs, 350V in a cold room with 11°C water circulating through the apparatus core. The 
standards are plasmid DNA for alleles A through F respectively, and FG is a standard for a 
heterozygote animal for the F and G alleles. Sire MVI44-58-00 genotype CE is bolded, 
and his randomly selected half-sib progeny are shown in italics. 
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AA BB AB AA AA AB AA BB AA BB AC AD AB 
Figure 3.13 PCR-SSCP of the 124 bp amplimer of the KAP8 locus showing the four 
alleles identified. Amplimers were electrophoresed on a 10% non-denaturing 
acrylamidelbis-acrylamide gel for 4 hours, 200 V at room temperature (20 °C). Genotype 
of an individual animal is shown below each lane. Stoneyhurst genotype (AB) is bolded, 
and his randomly selected half-sib progeny are shown in italics. 
Table 3.10 Representative individuals showing Mendelian inheritance of polymorphism in 
the KAPl.3 gene detected by PCR-SSCP analysis in the Stoneyhurst half-sib family. For a 
I : I overall ratio of each locus, refer to Appendix I. 
Lamb ID EweID Sire genotype Ewe genotype Lamb genotype 
1027 86 CJ 00 OJ 
1028 162 CJ BO OJ 
1030 114 CJ AD CD 
1031 59 CJ OJ CJ 
1032 59 CJ OJ JJ 
1034 89 CJ AB BC 
1036 49 CJ AB AJ 
1045 77 CJ BB BC 
1050 161 CJ BE BJ 
1061 117 CJ BC CJ 
1063 148 CJ AB AC 
1069 64 CJ 00 CD 
AB 
Stoneyhurst 
AA BB AA CC BB AA AC AC AA/ 
~ MVl44-58-00 
76 
Figure 3.14 PCR-SSCP analysis of the 424 bp amplimer of the KAP3.2 gene showing the 
three alleles identified (A, B and C). The genotype of an individual animal is shown below 
each lane and MVl44-58-00 and Stoneyhurst genotypes are bolded. 
AC AA AB AB AA AA 
Figure 3.15 PCR-SSCP analysis of the 200 bp amplimer of the BfMS microsatellite 
showing the three alleles identified (A, B and C) using a half-sib test family. The genotype 
of an individual animal is shown below each lane. Sires MVl44-58-00 and Stoneyhurst 
genotypes are bolded. 
KAP7 (AY791846) CATCGGACAGCTTGAGGTATAAAAGG.TCCCGTGCAGGAC 39 
KAP7 (X05638) --------------------------t---------tt-- 40 
KAP7 (AY791846) GAGAACTTCATTCCTTCTTGGGTAACTTGCTCTTCACATT 79 
KAP7 (X05638 ) ---------------------------------------- 80 
KAP7 (AY791846) CTATCCAAATCCTTCCCACTCCTGCCACAATGACTCGTTT 119 
KAP7 (X05638 ) ---------------------------------------- 120 
KAP7 (AY791846) CTTTTGCTGCGGAAGCTACTTCCCAGGCTATCCTTCCTAT 159 
KAP7 (X05638 ) ---------------------------------------- 160 
KAP7 (AY791846) GGAACCAATTTCCACAGGACCTTCAGAGCCACCCCCCTGA 199 
KAP7 (X05638 ) ---------------------------------------- 200 
KAP7 (AY791846) ACTGCGTTGTGCCCCTTGGCTCTCCCCTTGGTTATGGATG 239 
KAP7 (X05638 ) ---------------------------------------- 240 
KAP7 (AY791846) CAATGGCTACAGCTCCCTGGGCTACGGTTTCGGTGGAAGC 279 
KAP7 (X05638 ) ---------------------------------------- 280 
KAP7 (AY791846) AGCTTTAGCAACCTGGGCTGTGGCTATGGGGGCAGCTTTT 319 
KAP7 (X05638 ) ---------------------------------------- 320 
KAP7 (AY791846) ATAGGCCATGGGGCTCTGGCTCTGGCTTTGGCTACAGCAC 359 
KAP7 (X05638) ---------------------------------------- 360 
KAP7 (AY791846) CTACTGATGGACCATGGCTCCAGATGACTACGGG.ACCCG 398 
KAP7 (X05638) ----------------------------------a----- 400 
KAP7 (AY791846) CCCTCAATTCTCTGT 413 
KAP7 (X05638) --------------- 415 
Figure 3.16 Alignment ofthe KAP7 gene sequence cloned from sire MV144-58-00 
(Accession number A Y791846) with Kuczek and Rogers (1987) published KAP7 gene 
(Accession number XO~638). Upstream and downstream primers are underlined and the 
start and stop co dons are bolded). Dashes represent same nucleotides to the nucleotide 
above and dots represent nucleotides missing in the other sequence. 
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3.4 Discussion 
This chapter describes polymorphism at the KAP1.1, KAP1.3, KAP3.2, KAP8, 
KRT1.2, BfMS and ADRB3 loci in two half-sib families. Of these, KAP1.1, KAP1.3, 
KRT1.2 and ADRB3 were informative for both of the sires used. KAP8 was informative 
for one of the sires used. 
KAP1.1 
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Three KAP 1.1 alleles were identified which varied in length due to the insertion or 
deletion of 30 nucleotides. The length polymorphism of the KAP 1.1 gene observed in this 
study has previously been reported in Romney sheep (Rogers et ai., 1994b) and in a 
Merino x Romney x Merino backcross sheep (McKenzie, 2002). Sequence comparison 
revealed that while alleles A and C corresponded in sequence (within the region amplified 
excluding the primers) to those previously described by Rogers et ai. (1994b), the B allele 
reported here showed five single nucleotide differences (Table 3.7). Alignment of the three 
KAP 1.1 alleles identified in this study showed that in total, there were seven single 
nucleotide substitutions in the amplified KAP 1.1 gene - all of which were in the coding 
region. Four of these were synonymous (silent), and three were non-synonymous. It is well 
understood that coding sequence changes that result in the use of different amino acids can 
affect protein expression, folding and function. Such a change may result in small, 
insignificant effects, or may have major profound effects depending on the nature and 
position of the substitution in the protein, and the dependence ofthe protein's function on 
primary structure and conformation. In the human population, many adverse effects 
resulting from a single amino acid substitution are well documented. These include cystic 
fibrosis (Solomon et ai., 1993); Duchenne muscular dystrophy (Lee et ai., 1998) and sickle 
cell anaemia (Curtis and Barnes, 1968). The impact of silent nucleotide substitutions and 
amino acid changes on keratin proteins and hence wool structure will be discussed in 
Chapters Four, Five and Six. 
A significant difference between the KAP1.1 alleles was the insertion/deletion of a 30 
bp nucleotide that translates to a decapeptide (QPTSIQTSCC) in the gene. Interestingly, 
the inserted/deleted decapeptide is the same as the consecutively repeated decapeptide unit 
ofthe other HS KAPs (KAP1.2, KAP1.3 and KAP1.4). It is not yet clear as to why 
KAP1.1 would have an inserted/deleted decapeptide unit, and it is therefore difficult to 
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speculate on the consequences of this genetic variation. However, the decapeptide contains 
two cysteine amino acids, which is likely to influence wool fibre growth. The supply of 
cysteine is limiting to wool growth as shown by Reis (1979), whereby infusion of cysteine 
or methionine increased wool growth by up to 100%. Hemsley and Reis (1985) reported 
that only the sulphur containing amino acids (cysteine and methionine) stimulate wool 
growth. The reason as to why sulphur-containing amino acids are very important for wool 
fibre growth is that the process of wool growth requires keratin proteins that become 
highly cross-linked with disulphide bridges (Fraser et at., 1972). There are also other genes 
that have been reported to contain length polymorphism due to a change in the number of 
repeat sequences. These include trichohyalin (an important wool follicle protein) (Fietz et 
at., 1993); the proline-rich proteins of saliva (Kim et at., 1993) and the Type II keratins 
(Korge et at., 1992a); which are neutral and range in size from 479-509 amino acids, and 
KI0 (Korge et at., 1992b) genes. 
The results suggest that further analysis of sheep from diverse breeds may reveal even 
more KAPl.l alleles. Certainly, a new typing method needs to be developed as the 
amplified fragment length polymorphism (AFLP) does not differentiate between all of the 
alleles at the KAP1.1 locus in sheep. It is therefore recommended that in future, a PCR-
SSCP technique be developed for variation detection in the KAP 1.1 gene. First described 
by Orita et at. (1989), this technique has become one of the preferred methods for 
screening samples to detect polymorphism because of its simplicity and sensitivity. 
KAP1.3 
A PCR-SSCP typing method that differed from that of Rogers et at. (1994b) was 
developed to identify genetic variation at the KAPI.3 locus. A new PCR-SSCP method 
was developed because the method by Rogers et at. (1994b J produced DNA banding 
patterns that were weak at times, and not easy to deduce. Ten KAPl.3 alleles were 
detected in this study. The B allele (GenBank accession number A Y835590) sequence 
identified in this study shared 100% homology with the KAPI.3 gene reported by Powell 
et at. (1983) (GenBank accession number X02925), and the 't allele reported by Rogers et 
at. (1994b). The sequences of all the other alleles (A, C-J) differed by at least one or more 
nucleotides from those previously reported by Rogers et at. (1994b). The polymorphism 
observed in this study were predominantly single nucleotide substitutions. There were 17 
nucleotide substitutions - 12 in the coding region and of which 11 were synonymous, four 
in the 5' -untranslated region and one in the 3' -untranslated region. Alleles C, E, H, and I 
identified in this study each had a nucleotide substitution in the 5- untranslated region. 
Rogers (1994) reported 15 nucleotide substitutions in six KAP 1.3 alleles - 12 in 
c- ______________ -n-----------·--.· ----- .. ~~_ 
the coding region, of which seven were synonymous, one in the 5'-untranslated region 
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and two in the 3' -untranslated region. The primers used to amplify the KAP 1.3 locus 
followed by sequencing in this study were the same as those previously used by Rogers 
(1994) and although this study reports ten KAP1.3 alleles, the level of non-synonymous 
nucleotide substitutions within the coding region observed in KAPl.3 alleles in this study 
is much higher than that reported by Rogers (1994). A possible explanation for the 
observed differences is that the KAP1.3 alleles identified by Rogers (1994) in Romney 
sheep possessed higher nucleotide substitutions within the amplified coding region, than 
the KAPl.3 alleles being reported in Merino sheep. In total, 15 KAPl.3 alleles have so 
far been reported in just two breeds. Si?C were identified in the Romney breed by Rogers 
-- --------------------- ------.- --- - -----
et at. (1994b) and nine were identified in the Merino and Merino x Romney breed in this 
study. Only one of the KAPl.3 alleles was identified in both the Romney and Merino 
breeds. Since only two breeds were studied, using a relatively small sample number (less 
than 200 sheep), it would appear that investigation of other breeds that have unique or 
different fibre types such as Wiltshire, Moufion, Perendale; Drysdale and Lincoln, may 
reveal even more sequence variation at this locus. 
KRT1.2 
In this study, six alleles (designated A-F) were identified at the KRT1.2 locus in 
Merino sheep. A complete sequence for an ovine wool Type I IF keratin gene has been 
reported (Wilson et at., 1988), variation in the nucleotide sequence of the KR Tl.2 gene has 
not been described before. Rogers et at. (1993) reported a diallelic polymorphism using 
MspI PCR-RFLP to give alleles designated M and N. The N allele lacked the MspI 
restriction site, while the M allele contained the site. Unfortunately, no sequence data was 
presented and therefore no direct sequence comparison could be performed between the 
five alleles reported here and the M and N alleles of Rogers et at. (1993). However, a 
search for MspI restriction sites within alleles A-E revealed that only allele E lacked the 
MspI site (and therefore corresponded to the N allele of Rogers et at., 1993), while alleles 
A, B, C and D all possessed the MspI restriction site and may therefore correspond to allele 
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M. The PCR MspI-RFLP typing method is not capable of detecting all the variation at this 
locus justifying the development of the PCR-SSCP typing method used. 
Sequence analysis of alleles A through E revealed that all of the variation resulted 
from nucleotide substitutions. All of substitutions in the coding region were found to be 
silent (Table 3.9), except for the substitution in the KRTl.2 C allele at position 82 relative 
to Figure 3.12 that resulted in a Thr-Ala substitution. This amino acid substitution might 
impact on protein structure, since the two amino acids have different properties. Threonine, 
being a polar amino with a hydroxyl group, differs from alanine which is an aliphatic and 
non-polar. Six KRT1.2 alleles were identified in just two breeds (Merino and Merino X 
Romney) using a relatively small sample number (less than 200 sheep), thus, investigation 
of other breeds that have unique or different fibre types such as Wiltshire, Mouflon, Dohne 
Merino, Perendale, Drysdale and Lincoln, will most likely reveal even more alleles at this 
locus. 
KAP8 
Four alleles, designated A, B, C and D were identified at the KAP8 (CA)n repeat 
.,.- ~ 1.'-__ ---_. __ 
micro satellite locus using PCR-SSCP in this study. Stoneyhurst was heterozygous and thus 
informative at this locus. But, MVI44-58-00 was homozygous and therefore 
uninformative. For this reason, only Stoneyhurst's progeny were analysed. Wood et al. 
(1992) detected eleven allelic fragments (152, 153, 154, 156, 165, 167, 169, 170, 171, 174 
and 175 bp) of the (CA)n repeat microsatellite at the KAP8 locus using denaturing 
polyacrylamide gel electrophoresis, while Parsons et al. (1994a) detected four allelic 
fragments (123, 125, 133 and 139 bp) at the same locus using the methods by Wood et al. 
(1992) in a Merino half-sib family. 
Mendelian inheritance was seen with all the informative loci genotyped, as 
demonstrated in Table 3.10. The Stoneyhurst pedigree was chosen to demonstrate the 
Mendelian inheritance because the genotype of all the ewes was known, as the ewes used 
were born to sire MVI44-58-00 from the first half-sib family. Progeny born to MV144-
58-00 had their ewes genotyped only when the sire allele could not be determined 
because progeny had the same genotype as the sire. A Chi-square goodness of fit analysis 
was performed to test whether the segregation of the sire alleles differed from a 1: 1 ratio 
at all of the loci that were informative (heterozygote) for the sires MVI44-58-00 
(Chapters Four, Five, Six and Eight) and Stoneyhurst (Chapter Nine). The results 
confinned that sire alleles segregated in a ratio of approximately 1: 1 (Appendix I). 
KAP6.1, KAP7 and KRT2.10 
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Polymorphism could not be detected at the KAP6.1, KAP7 and KR T2.10 loci in this 
investigation, although all of these genes have been reported to be polymorphic in the 
literature (Parsons et aZ., 1993; McLaren et aZ., 1997). The reported polymorphism in 
...., 
KRT2.10 (two allelesilnd~7 (four alleles) W:(l_~identified using PQ.B.:JU'LP --------- -~----'-'----------- .-.... --~.---.- "--.~." . 
(McLaren et aZ., 1997) whereas the polymorphism within KAP6.1 (t~es) was 
- --.. 
revealed with PCR-SSCP of AZul-digested PCR amplim~!§, (McLaren et aZ., 1997). \ __ .. ~."'~~...---- ._-="'"'-.~ ___ -., __ , ________ ~7 _____ ~~·r 
Parsons et aZ. (1993) reported a diallelic polymorphism using BarnHI PCR-RFLP to give 
alleles designated Al (24.5 kb) and A2 (14.1 kb). However, no sequence data was 
presented. 
While the original PCR-RFLP's for KAP6, KAP7 and KRT2.10 were not 
employed, the original primers were, along with a variety ofPCR-SSCP conditions in 
order to detect sequence variation. Genes coding for the KRT proteins are highly 
cons,EYed dl,lp~tion (Powell, 1996; Marshall and Gillespie, 1982), and do not have 
much variation within them. Therefore, it was easy to accept that the KRT2.10 locus 
--~----
(with only two alleles) was li~ely to behom()~ygous, and further investigation was only 
,-
carried out for the KAP7locus. The fact that the KRT proteins are highly conserved 
during evolution (Powell, 1996; Marshall and Gillespie, 1982) suggests that genes coding 
for these proteins are intolerant to major changes and that they are very important to the 
integrity ofthe wool fibre. For this reason, genes coding for the KRTs were included in 
the study. 
Cloning and sequencing of the MVI44-58-00 KAP7 amplimer confinned that the 
correct KAP7 gene was amplified and that there was no sequence variation within the 
amplified region. The MVI44-58-00 KAP7 did not have the Mspl or BglII recognition 
sites used in the McLaren et aZ.(1997) PCR-RFLP typing approach, suggesting further 
polymorphism exists at this locus. 
Only two KAP6.1 alleles have previously been reported, thus it was accepted that 
MVI44-58-00 was homozygous at this locus without further sequencing although this 
locus could still be polymorphic which only sequencing would reveal. The KAP6.1 
amplimers were also subjected to a variety ofPCR-SSCP conditions in an effort to detect 
sequence variation. Digestion of the amplimer with Alul or BamHl as per McLaren et al. 




Useful PCR-SSCP conditions for the microsatellite OarFCB193 could not be 
established, and therefore this locus was eliminated from further study as sequencing each 
ofthe progeny for each of the loci would be too expensive. Using gene mapping 
techniques, McKenzie (2002) showed linkage between wool brightness, and challenge 
colour yellowness of wool and the micro satellite marker OarFCBI93, located on 
chromosome 11, across the whole flock studied. The method used by McKenzie (2002) to 
identify polymorphism was not used in this study, but this locus is worth investigating in 
the future as it maps to ovine chromosome 11, in close proximity to the keratin genes, and 
could be a potential genetic marker for wool colour and brightness. Future research 
requires the development of a robust protocol for the identification of polymorphism at 
this locus. 
Summary 
Loci that were polymorphic, but uninformative in this study need to be investigated 
further. Sires that are heterozygous at these loci need to be identified and used in half-sib 
analysis. Other loci that map to the same chromosome regions as the keratin genes 
investigated in this study are also worth of investigating in the future as potential gene 
markers for wool quality traits. On chromosome 1, future genes of interest include 
KAP 11.1 and genes coding for trichohyalin (a very important wool follicle protein) (refer to 
Figure 3.2). On chromosome 3, loci of interest include KRT2.13, BMCI009 (Similar to 
intermediate filament type II keratin), RARG (Retinoic acid receptor 8) and lGFl (insulin 
like growth factor) (refer to Figure 3.3). It is worth noting that previous studies by Damak 
et al. (1996) have shown positive effects ofIGFl on wool traits. Transgenic sheep 
produced by pronuclear microinjection with a mouse ultra-high-sulphur keratin promoter 
linked to an ovine lGFl resulted in significant increase ofCFW and bulk in transgenic 
sheep compared to non-transgenics, although MFD did not show significant differences 
(Damak et al.,1996). 
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On chromosome 11, genes of interest include KRTI0 and IGFBP4 (Insulin-like 
growth factor binding protein 4) (refer to Figure 3.1). There are other genes that have not 
been positioned on the linkage map that may be potential gene markers for wool quality 
traits. Some of these have already been associated with wool quality traits. These include 
the retinoic acid receptor (RARu) (Nadeau et at., 1992), homeobox proteins (HOX2) 
(Nadeau et at., 1992) and growth hormone (Hediger et at., 1990). Retinoic acid induces 
expression of genes such as homeobox and KR Ts and there is a possibility that retinoic 
acid is involved in the regulation ofKAPs, given its genomic position on chromosome 11 
(Parsons et at, 1994c). Growth hormone has been positioned on chromosome 11 through in 
situ hybridization (Hediger et at., 1992). Furthermore, there have been numerous reports 
with variable effects of growth hormone on wool characteristics. For example, Ferguson 
(1954) and Johnson et at. (1985) observed significant increase in GFW during the 
injections of growth hormone. In contrast, no effect of recombinant growth hormone on 
CFW was found in a study by Zainur et at. (1989). Wheatley et at. (1966) found that 
growth hormone suppressed wool growth and that there was accelerated wool growth after 
withdrawal of growth hormone. Polymorphism at the genes encoding growth hormone 
have been reported (Valinsky et at., 1990; Wallis et at., 1998; Sami et at., 1999), and 
different alleles of growth hormone may affect wool growth in different ways. The 
identification of variant forms of growth hormone with improved wool traits effects is 
important as this technique does not require the development and use of transgenic 
animals, and may therefore be better preferred within the wider "non-scientific" 
community, than the us~ ()ftransgenic sheep to produce superior wool traits. Transgenesis 
in sheep is also still in its infancy, and successful trans genesis rates are very low (less than 
13%) (Powell et at., 1994). This makes marker-assisted-selection a more efficient, 
relatively cheaper and easier technique to improve wool quality traits than sheep 
trans genesis. 
Subsequent Chapers Four, Five, Six, Eight and Nine describe the investigation of 
the associations between the variation in KAP1.1, KAP1.3, KRT1.2, ADRB3 and KAP8 
genes, respectively, with variation in measurements of wool quality traits. 
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Chapter 4 Analysis of the KAP1.1 gene and wool 
traits 
4.1 Introduction 
KAPl.1 was among the genes selected in this study because of its polymorphism 
and prior association with wool staple strength (Rogers et ai., 1994a). It also clusters on 
the same chromosome as a number of other KAP and KR T genes (see Figure 3.1). 
KAP1.1 belongs to the HS protein family that also includes KAP1.2, KAP1.3 and 
KAP1.4. The HS KAPs are highly conserved at both the amino acid and nucleotide 
sequence levels (Powell et ai., 1983). However, there is a consecutively repeated 10 
amino acid unit (QTSCCQPTSI), which varies in its frequency between the HS KAPs 
(Crewther, 1976). This decapeptide occurs between three and five times in the KAP1.1, 
three times in the KAP1.3, four times in the KAP1.2 and six times in the KAP1.4 protein 
(Rogers et ai., 1994b; Powell et ai., 1983). The repeat region is also highly conserved at 
the level of nucleotide sequence in the genes for the KAP 1.1, KAP 1.3 and KAP 1.4 
proteins (Powell et ai., 1983), although there is minor sequence variation at the DNA 
level both within and between the genes. 
KAP1.1 has been mapped to ovine chromosome 11. The mapping position of 
KAPl.l on chromosome 11 is 71.9cM, and approximately 0.6 cM away from KAP1.3, 
1.5 cM away from KRT1.2 and next to KAP3.2 (Figure 3.1 and 
http://rubens.its.unimelb.edu.aul~jillmljill.htm). Previous studies by Rogers et ai. (1994a) 
associated the region spanning the KAPl.lIKAPl.3/KRTl.2 loci on ovine chromosome 
11 with variation in wool staple strength using Romney sheep. 
The nucleotide and amino acid sequences of the KAP 1.1 locus have been 
published and can be found at GenBank accession number X01610 (Powell et ai., 1983). 
Rogers (1994) identified three alleles of the KAP1.1 gene of Romney sheep, using AFLP. 
The three alleles, named Au, A~ and Ay differ in part through variation in the length of a 
conserved 30 nucleotide repeat sequence. The KAPl.1 alleles have been published and 
can be found in GenBank with accession numbers L33885 - L33887 (Rogers et ai., 
1994b) and AY835603-AY835605 (Itenge-Mweza et aI., 2004, direct submission). The 
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length variation is in the coding region, but it does not shift the reading frame. The exact 
site of insertion or deletion was not ascertained due to the highly repetitive nature of this 
region in the KAP 1.1 gene (Rogers, 1994). The additional 30 nucleotides in the Au allele 
(when compared to the AP and Ay alleles) is the repeat sequence which translates to a 
decapeptide of QPTSIQTSCC (Rogers, 1994). Allele Ay has a deletion of30 nucleotides 
which removes the same decapeptide from the protein. Rogers et al. (1994b) speculated 
that the length variation in the KAP 1.1 gene was due to genetic events such as unequal 
crossover and gene conversion. In Chapter Three, three alleles (A, B and C) were 
identified in the MVI44-58-00 and Stoneyhurst half-sib families. Nucleotide sequences of 
alleles A and C were the same as Rogers alleles Au and Ay, respectively, whereas the 
nucleotide sequence of allele B differed from allele AP even though the amplimers were 
of the same length. 
In this Chapter, variation in the KAPI.I gene for the half-sib families of sires 
MVI44-58-00 and Stoneyhurst was investigated in relation to variation in the wool traits 
described in Chapter Two. 
Polymorphism at the KAPl.I locus has the potential to be associated with 
variation in economically important wool traits, and this gene could be a useful genetic-
marker in selective breeding programmes aimed at improving the quality of wool. 
4.2 Materials and methods 
For animals used. in this study, refer to Chapter Two. For all genotyping methods, 
refer to Chapter Three. 
Statistical analyses 
Segregation of the sire alleles within each sire-line was observed and a chi-square 
goodness of fit test performed for each sire-line to ascertain whether the sire alleles 
inherited by the progeny occurred in a 1: 1 ratio within the population (Appendix I). 
Any progeny which had the same genotype as both its sire and dam was excluded 
from the association analysis since it was not possible to determine which of the alleles 
had been inherited from the sire. The association of alleles of KAP 1.1 with all measured 
wool traits (MFD, FDSD, CVD, curvature, yield, yellowness, brightness, comfort factor, 
staple length, staple strength, GFW and CFW) was then analysed for each year of 
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phenotypic data using an analysis of variance (ANOVA) tests using SPSS version 13 
(SPSS Science Inc., Chicago, IL, USA). The ANOV A model included sire allele and 
gender as factors and a full factorial model was used. The analysis used assumed that the 
ewe's alleles effects were distributed randomly in progeny. The date of birth was not 
included in the ANOV A because the progeny were half-sibs born in a five weeks period, 
and it was assumed that variation in birth date was balanced across the half-sib in the 
segregation analyses, and that none of the genes analysed had a significant effect on 
gestation length. 
Very few progeny in Appendix E had wool measurement values that were outliers, 
such as MVI44-58-00 progeny identity number 41 with brightness value of 1.7 Y and 
yellowness value of 1.2 Y -Z, and MVI44-58-00 progeny identity number 102 with 
brightness value 3.1 Y and yellowness value 0.8 Y-Z. Statistical analysis was performed 
first with all the progeny wool measurements, and after the outlier animals were removed 




The genotype ofMVI44-58-00 at the KAPl.llocus was AB. In year one, there 
were 131 lambs that weregenotyped at this locus. Twenty of these lambs were born to 
ewes that also genotyped as AB, (Appendix D) and so these lambs were excluded from 
further statistical analysis. Blood samples from four ewes whose lambs typed the same as 
the sire were not available, and these lambs were also excluded from the study. 
Stoneyhurst 
The genotype of the sire Stoneyhurst at the KAPl.llocus was BC (Appendix D). 
Of the 40 progeny, four lambs were excluded from further statistical analysis as the sire 
allele inherited could not be determined. 
Association between segregating KAP1.1 sire alleles and wool 
traits 
The sire alleles at the KAP 1.1 locus showed a Mendelian pattern of inheritance 
and segregated in a 1: 1 ratio in the progeny of each half sib (Appendix I). 
MV144-58-00 
The associations of sire KAP 1.1 allele inherited with wool traits are listed in 
Appendix K. Those traits that showed significant associations for at least one year, or 
showed a strong trend are presented in Table 4.1. Gender was not found to be a main 
effect in any of the associations tested (Appendix K). 
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Statistical analyses within the MV144-58-00 half-sib family showed that the 
inheritance of the A allele from the sire at the KAP1.110cus was associated with 
increased yield at 24 months of age (P = 0.037) and a similar trend was seen at 36 months 
(P = 0.078). There was no significant difference in yield between the sire allele groups at 
12 months. 
The MV144-58-00 KAP 1.1 A allele tended to be associated with increased staple 
. length at 12 months of age (P = 0.080). This trend was not observed at 24 and 36 months. 
At 36 months of age, the inheritance of allele B tended to be associated with 
whiter wool (P = 0.080). This result was not observed at 12 months and this trait was 
unfortunately not measured at 24 months. 
The removal of the progeny with wool measurement values that were outliers did 
not have any effect to the results. There was no significant difference in brightness, 
yellowness or staple strength between the sire allele groups. 
Stoneyhurst 
The association of Stoneyhurst KAP 1.1 alleles inherited by progeny groups with 
wool traits are listed in Appendix K, while those traits that were significant or showed a 
strong trend are presented in Table 4.1. Gender was not found to be a main effect in any 
of the associations tested (Appendix K). 
Statistical analyses within the Stoneyhurst half-sib family showed that the 
inheritance of the B allele from the sire at the KAP1.110cus was associated with increased 
staple length (P = 0.018), whereas the KAP1.1 C allele was associated with increased wool 
brightness (P = 0.039). 
Power analyses 
The number of differences between alleles within sire-lines which were not 
statistically significant suggested the possibility of Type II errors (failing to detect a 
difference when in fact there is one). To address this issue, a power analysis was 
conducted for each trait within each of the sire-lines to determine whether the sample 
sizes available were adequate to detect at least 10% differences between alleles, within 
each sire-line, at P<0.05 with 80% power, ie nper allele= (8 x 2 x ERROR MEAN 
SQUAREestimate)/(O.1 x TRAIT A VERAGEacross sire-lines)2. This equation was then rearranged 
to allowed the actual detectable difference to be calculated for each sire-line, ie % 
detectable difference = ["(8 x 2 x EMS/nper allele) ITRAIT A VERAGEacross sire-lines] X 100. 
The sample size required to detect at least a 10% difference between KAP 1.1 
sire allele groups for each half-sib family is shown in Table 4.2. In year one (n = 105) 
there were inadequate MVI44-58-00 progeny numbers to detect a 10% difference 
between sire allele groups for CFW, prickle factor, GFW, staple strength, yellowness; 
in year two (n = 96) there were inadequate progeny numbers for CVD, prickle factor, 
FDSD, and staple strength (CFW, GFW and yellowness was not measured in year 
two) ; and in year three (n = 29) there were inadequate progeny numbers for CVD, 
prickle factor, FDSD, staple length, staple strength, and yellowness (CFW and GFW 
were not measured in year three). 
Wool trait measurements were only taken at 12 months for the Stoneyhurst 
half-sib family. There were inadequate Stoneyhurst progeny numbers (n=32) to detect 
a 10% difference between sire allele groups for curvature, CVD, prickle factor, staple 
strength, and yellowness (CFW and GFW were not measured). 
A comparison of the smallest detectable difference between sire-allele groups 
with the progeny numbers used with the observed difference between the sire-allele 
groups is shown in Table 4.3. 
4.4 Discussion 
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Three variants of the KAP 1.1 gene that varied in length were identified in this 
study. These were designated as A, B or C (ranging from the largest to the smallest), and 
differed in part through variation in the length of a conserved 30 nucleotide repeat 
sequence. Three alleles ofKAPl.1 have previously been reported in Romney sheep 
(Rogers et at., 1994b). In this study, the lengths of the coding sequences of alleles A, Band 
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C were 341 bp, 311 bp and 281 bp, respectively, which compares with the alleles reported 
by Rogers et al. (1994b). Sequence comparison revealed that while alleles A and C 
corresponded to those previously described by Rogers et al. (1994b), Merino allele B 
(GenBank accession no. AY835604) showed five single nucleotide differences from the 
sequence previously reported by Rogers et al. (1994b), suggesting a possible fourth 
KAP 1.1 allele not previously reported. 
Alignment of the three KAP 1.1 alleles identified in this study showed that in total, 
there were seven single nucleotide substitutions in the amplified KAP 1.1 gene - all of 
which were in the coding region. Four of these were synonymous, and three were non-
synonymous. There was a Pro----+Ser amino acid change as a result of a nucleotide 
substitution at position 74; a Pro----+Gln amino acid change due to a nucleotide substitution 
substitution at position 111 and a Phe----+Ser amino acid change due to a nucleotide 
substitution at position 207, relative to Figure 3.6). Although it has been previously 
believed that silent nucleotide substitution within a coding sequence is unlikely to affect 
gene expression and protein structure, a recent report by Kimchi-Sarfaty et al. (2006) 
suggests that this may not be true. They found that a silent nucleotide substitution that 
resulted in a rare codon altered the function of the gene product of the Multidrug 
Resistance 1 gene in several mammalian cell lines. Thus it would appear that silent 
nucleotide polymorphisms also impact on gene function. Kimchi-Sarfaty et al., (2006) 
hypothesised that the presence of a rare codon produced by a single nucleotide 
polymorphism may affect the timing of co-translational folding, thereby altering the 
structure of the protein,_alld thus affecting its function. Furthermore, silent nucleotide 
substitution can affect codon preference, thereby impacting gene expression levels. 
In contrast, it is well understood that coding sequence changes that result in the use 
of different amino acids can affect protein structure and function. For example, a single 
substitution from thymine to adenine within the haemoglobin gene that results in amino 
acid change (from glutamine to valine) has a markedly adverse effect in the inherited 
disease known as sickle cell anaemia. Glutamine is polar and negatively charged, whereas 
valine is nonpolar and hydrophobic. The result is a hydrophobic, "sticky" region that can 
interact with hydrophobic regions on neighbouring haemoglobin molecules, producing the 
observed sickling effect (Curtis and Barnes, 1968). Thus, the arrangement of amino acids 
in a particular sequence in a protein is precise, and even a variation of one amino acid can 
lead to changes in the protein produced by a gene. A Pro----+Ser substitution could affect 
gene expression and ultimately protein structure and function because proline, being a 
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cyclic non-polar amino acid and the only amino acid with an imino (-NH) group rather 
than an amino group, has different properties from serine, which is a polar amino acid with 
a hydroxyl group. A substitution ofPro~Gln can also affect gene expression, since proline 
differs from glutamine in that it is a cyclic non-polar amino acid, while glutamine is acidic 
and polar. Similarly, a Phe~Ser substitution may also affect the structure of protein 
because phenylalanine is aromatic and non-polar, and differs from serine which is a polar 
amino acid with a hydroxyl group. Proline has major affects on the secondary and tertiary 
structure of any amino acid chain. 
Table 4.1 Association of sires MVI44-58-00 and Stoneyhurst KAPI.I alleles inherited by 
progeny groups with wool traits!. 
Traits n Group average of sire alleles P-value 
(sire alleles) 
MV144-58-00 A B A B 
Yield 1 (% GFW) 50 52 76.41 ± 2.71 75.83 ± 2.80 0.221 
Yield 2 (% GFW) 46 50 76.91 ± 2.94 75.48 ± 3.23 0.037 
Yield 3 (% GFW) 12 17 79.13 ± 3.81 76.68 ± 3.41 0.078# 
Yellowness 1 (Y -Z) 50 52 -2.73 ± 0.52 -2.66 ±0.95 0.680 
Yellowness 2 (Y -Z) 
Yellowness 3 (Y -Z) 12 17 -3.46 ± 0.58 -3.78 ± 0.38 0.080# 
Staple length 1 (rrun) 50 52 86.06 ± 9.05 83.13 ± 9.06 0.080# 
Staple length 2 (rrun) -46 50 81.78 ± 9.55 81.80 ± 8.88 0.949 
Staple length 3 (rrun) 12 17 83.08 ± 10.28 86.29 ± 9.49 0.393 
Stoneyhurst B C B C 
Staple length 1 (rrun) 13 17 78.15 ±3.98 70.53 ± 8.60 0.018 
Brightness 1 (Y) 15 17 69.09 ±3.68 71.10 ± 2.42 0.039 
'Only those traits that were significant for at least one year, or show a strong trend have been 
shown for all the years, unless the trait was not measured in all years. Each group mean is quoted 
along with its standard error, and pairs of means found to have significant differences are 
highlighted in bold. # = pairs of means showing a strong trend. The number after the trait name 
abbreviation denotes the age at shearing, i.e. 1, 2 and 3 years of age. 
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Table 4.2 Sample size required to detect at least a 10% difference between KAP 1.1 sire 
allele groups in the wool traits list for each sire-line, at P<0.05 with 80% power. 
Sire-line N Traie Trait EMS3 N per allele to detect at N lambs required to 
lambs average2 least a 10% difference detect a 10% difference 
MVI44-58-00 105 Prickle factor 1 3.74 6.18 706 1411 
105 MFD 1 16.84 0.84 5 10 
105 FDSD 1 3.52 0.33 42 84 
105 CVD 1 21.27 5.39 19 38 
105 Curvature 1 96.77 47.97 8 16 
105 Yield 1 76.12 7.59 2 4 
105 Staple length 1 84.57 81.53 18 36 
105 Staple strength 1 22.45 87.12 277 553 
105 Brightness 1 68.42 95.59 33 66 
105 Yellowness 1 -2.70 0.60 131 262 
105 GFWI 3.14 0.46 75 150 
105 CFWI 2.37 0.38 108 216 
96 MFD2 18.22 2.09 10 20 
96 Yield 2 76.17 9.37 3 6 
96 Staple length 2 81.79 85.65 20 41 
96 Staple strength 2 34.44 107.58 145 290 
96 FDSD2 3.98 1.52 153 306 
96 CVD2 21.62 30.14 103 206 
96 Prickle factor 2 1.62 3.32 2027 4054 
29 MFD3 17.35 1.09 6 12 
29 Yield 3 77.68 12.84 3 6 
29 Staple length 3 84.97 96.39 21 42 
29 Staple strength 3 38.10 110.42 122 244 
29 FDSD3 3.17 0.14 22 44 
29 CVD3 18.26 5.56 27 54 
29 Prickle factor 3 0.54 0.13 719 1438 
29 Brightness 3 71.33 3.37 1 2 
29 Yellowness 3 -3.65 0.22 27 54 
Stoneyhurst 32 Prickle factor 1 1.58 2.14 1369 2738 
32 MFD 1 19.05 1.71 8 15 
32 FDSD 1 3.88 0.48 51 102 
32 CVD 1 20.40 11.12 43 86 
32 Curvature 1 93.86 124.61 23 46 
32 Yield 1 71.79 16.09 5 10 
32 Staple length 1 73.83 50.95 15 30 
32 Staple strength 1 30.87 97.41 164 328 
32 Brightness 1 70.16 9.41 3 6 
32 Yellowness 1 -2.80 0.25 50 100 
I MFD: mean fibre diameter; FDSD: fibre diameter standard deviation; CVD: coefficient of variation of 
fibre diameter; GFW: greasy fleece weight; CFW: clean fleece weight. 2 Across all progeny measured. 
3Error Mean Square-taken from the ANOV A for each individual trait. 
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Table 4.3 A comparison of the smallest detectable difference between KAP 1.1 sire-allele 
groups with the progeny numbers used and the observed difference between the sire-allele 
groups means for each wool trait measured. 
Age Trait Smallest Difference observed Sire-line Nlambs Trait' detectable (months) average2 difference (%)3 between alleles (%) 
MV144-58-00 105 12 Prickle factor 3.74 36.7 12.9 
105 12 MFD 16.84 3.0 1.6 
105 12 FDSD 3.52 8.9 5.1 
105 12 CVD 2l.27 6.0 0.0 
105 12 Curvature 96.77 4.0 1.1 
105 12 Yield 76.12 2.0 0.8 
105 12 Staple length 84.57 5.9 3.5 
105 12 Staple strength 22.45 23.0 12.5 
105 12 Brightness 68.42 7.9 3.0 
105 12 Yellowness -2.70 15.8 2.7 
105 12 GFW 3.14 12.0 0.9 
105 12 CFW 2.37 14.3 2.3 
96 24 MFD 18.22 4.6 1.9 
96 24 Yield 76.17 2.3 1.9 
96 24 Staple length 81.79 6.5 0.0 
96 24 Staple strength 34.44 17.4 4.6 
96 24 FDSD 3.98 17.9 3.3 
96 24 CVD 21.62 14.7 5.6 
96 24 Prickle factor 1.62 65.0 5.1 
29 36 MFD 17.35 6.3 3.5 
29 36 Yield 77.68 4.8 3.2 
29 36 Staple length 84.97 12.1 3.7 
29 36 Staple strength 38.10 29.0 10.6 
29 36 FDSD 3.17 12.3 2.8 
29 36 CVD 18.26 13.6 0.3 
29 36 Prickle factor 0.54 70.4 2.0 
.. 
29 36 Brightness 71.33 2.7 0.9 
29 36 Yellowness -3.65 13.6 8.9 
29 36 Curvature 90.07 10.1 2.6 
Stoneyhurst 32 12 Prickle factor 1.58 92.5 41.2 
32 12 MFD 19.05 6.9 0.4 
32 12 FDSD 3.88 17.8 5.6 
32 12 CVD 20.40 16.3 5.2 
32 12 Curvature 93.86 11.9 2.5 
32 12 Yield 71.79 5.6 0.0 
32 12 Staple length 73.83 9.7 10.4* 
32 12 Staple strength 30.87 32.0 4.7 
32 12 Brightness 70.16 4.4 2.9 
32 12 Yellowness -2.80 17.7 10.2 
'MFD: mean fibre diameter; FDSD: fibre diameter standard deviation; CVD: coefficient of variation of 
fibre diameter; GFW: greasy fleece weight; CFW: clean fleece weight. 2 Across all progeny measured. 3 At 
80%. *Only trait in which N was big enough. Bolded traits were significant. 
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The two sires used in the study had different KAP 1.1 alleles. While the genotype of 
MVI44-58-00 was AB, Stoneyhurst was BC. In this study, no single nucleotide 
substitution was observed between alleles Band C. However, there were two single 
nucleotide substitutions between alleles A and B. One of the substitutions was silent, while 
the other changes the amino acid Pro~Gln at position 111, relative to Figure 3.6. Amino 
acid substitutions between KAP 1.1 alleles A and B could impact on protein structure since 
the substituted amino acids have different properties. The major difference, however, 
between KAP 1.1 A and B alleles was that the A allele encodes one extra decapeptide 
repeat (QPTSIQTSCC) than the B allele. It is of note that the inserted 30 bp translate to the 
same consecutively repeated 10 amino acid unit (QPTSIQTSCC) ofHS KAPs. It has been 
speculated that the conserved decapeptide repeat constitutes a structural repeat unit which 
is stabilised by covalent disulphide bonding ofthe double cysteine residues (Crewther, 
1976; Elleman, 1972), and that it may offer some protection to the wool fibre and inhibit 
proteolytic attacks (Crewther, 1976). Marshall et al. (1991) reported that the heavy metal 
copper is important for the catalytic oxidation of cysteine sulphydral to sulphide in the 
keratinisation process during wool fibre formation, while Rogers (1994) found homology 
between the HS decapeptide repeat sequence and metallothioneins (cysteine-rich proteins 
involved in heavy metal binding). The decapeptide repeat unit may, therefore, be involved 
in binding copper as a first step in the catalytic formation of disulphide bonds (Rogers, 
1994). 
Given that the conserveddecapeptide unit may have functionally important activities, 
it is tempting to suggest_ that the A allele (encoding one extra decapeptide repeat of the 
KAP1.1 gene) could favourably affect traits related to wool growth, such as GFW, CFW, 
yield and staple length compared with alleles B or C. Similarly, it could be speculated that 
the C allele (encoding one less decapeptide repeat of the KAP 1.1 gene) may have a 
negative effect on traits related to wool growth. 
The KAP 1.1 A allele was associated with a higher yield (P = 0.037) at 24 months 
of age within the MVI44-58-00 half-sib family, than B allele. The association was only 
observed at 24 months of age. However, the same trend was seen at 36 months of age even 
though the sample size at 36 months was less than half of the sample size at 24 months of 
age. In the Stoneyhurst half-sib, the KAPl.l B allele was associated with increased staple 
length. It is of note that in the MVI44-58-00 half-sib, variation at the KAP 1.1 locus also 
showed a strong trend (P = 0.080) with staple length at 12 months of age. Although this 
strong trend was not observed at 24 and 36 months of age, these results show that the 
KAP 1.1 locus may be important in the rate of wool growth in lambs. The possibility of a 
tightly linked locus (example KAPl.2, KAPl.3, KAPl.4 or growth hormone), or 
environmental factors, such as feed supply and stress from extreme temperatures 
influencing the rate of growth of wool in lambs, cannot be discounted, however. 
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Alleles at the KAPl.110cus showed a strong trend in MV144-58-00 progeny with 
variation in yellowness at 36 months. A strong trend was not observed at 12 months, but 
power analysis indicated that the number of animals required to detect a 10% difference 
between sire allele groups for this trait (n = 262) is more than double the actual (n = 105) 
MV144-58-00 progeny numbers. Yellowness was not measured at 24 months. 
While the KAP1.1 C allele was associated with lowest staple length within the 
Stoneyhurst half-sib, this allele was also associated with brighter wool colour in the same 
half-sib. In commercial terms, however, the difference in brightness between the progeny 
inheriting the KAP 1.1 B allele and KAP 1.1 C allele is not commercially significant. In 
comparison, the difference in staple length between KAP 1.1 B allele and KAP 1.1 C allele 
appears commercially significant. It is not known if these associations would have 
persisted at 24 and 36 months of age or whether the variation in staple length affects wool 
weight, and so further investigation is required. 
As shown in Table 4.2, it is very unlikely that the KAP1.1 alleles investigated in 
this study affect variation in wool fibre diameter and curvature, because the number of 
progeny required to detect a 10% difference between sire allele groups was much lower 
than the actual sample sizes. Unfortunately, it appears that there were inadequate MV144-
58-00 progeny numbers to detect a 10% difference between sire allele groups for prickle 
factor, staple strength, yellowness (years 1 and 3), GFW, CFW, CVD (years 2 and 3), 
FDSD (years 2 and 3) and staple length (year 3), thus associations between allelic 
variation and these traits may have existed, but were not detected. 
The AFLP method used for genotyping KAP 1.1 alleles is not sensitive enough to 
detect all the sequence variation at this locus and therefore it is important to develop a new 
method capable of detecting greater sequence variation. If the AFLP method used did not 
detect all the sequence variation, then this could have impacted on the results. 
This preliminary finding indicates that KAP 1.1 could be a potential gene marker 
that is linked to some wool traits (staple length, yield and yellowness). Further studies are 
required in other half-sib families, using informative sires that have the same KAP 1.1 
genotype as MV144-58-00 and Stoneyhurst, in order to validate associations observed in 
this study. 
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Chapter 5 Analysis of the KAP1.3 gene and wool 
traits 
5.1 Introduction 
Like KAP 1.1, KAP 1.3 belongs to the HS KAP family that helps fonn a matrix 
around keratin intennediate filaments. The KAP 1.1 gene has been mapped to ovine 
chromosome 11, clustering with other KAP genes (McLaren et al., 1997). The mapping 
position ofKAP1.3 on chromosome 11 is 72.5 cM, which is about 0.6 cM away from 
KAP1.1, and 0.9 cM away from KRT1.2 (http://rubens.its.unimelb.edu.aul~ji1lrnlji1l.htm 
and Figure 3.1). 
Powell et al. (1983) published the nucleotide and amino acid sequence ofKAP1.3, 
GenBank accession number X02925. Subsequently, Rogers et al. (1994b) reported six 
alleles (a, P, y, 8, 8, r) of the 598 bp amplimer using SSCP. The KAPl.l/KAPl.3/KRTl.2 
loci were associated with variation in wool staple strength in Romney sheep (Rogers et 
ai., 1994a). 
This chapter investigates the association of genetic variation in KAPl.3 as 
detennined by PCR-SSCP, with variation in wool traits. 
5.2 Materials and methods 
For animals used in this study, refer to Chapter Two. For all the genotyping methods, 




The genotype ofMVI44-58-00 at the KAP1.3 locus was BD. Ofthe 131 progeny, 
the sire allele inheritance could be detennined for 120 (appendix D2). 
Stoneyhurst 
The genotype of the sire Stoneyhurst was CJ at the KAP 1.3 locus. Two out of 40 
lambs had the genotype CJ, which was the same as that of the sire. The genotype of the 
ewes for these two lambs was subsequently determined (Appendix D2), and all lambs 
could be further analysed statistically. 
Association between segregating sire alleles and wool traits 
The sire alleles at the KAP 1.3 locus showed a Mendelian pattern of inheritance 
and segregated in a 1: 1 ratio in the progeny of each half sib (Appendix I). 
MV144-58-00 
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A summary ofthe results ofthe associations of the MV144-58-00 KAPl.3 alleles 
inherited by progeny groups with wool traits are listed in Appendix K, while those traits 
that were significant for at least one year, or showed a strong trend are presented in Table 
5.1. Gender was not found to be a main effect in any of the associations tested (Appendix 
K). 
The MV144-58-00 KAP 1.3 D allele showed a strong trend with increased yield at 
24 and 36 months of age (P = 0.091 and 0.059, respectively). This difference was not 
detected in the first year. 
The inheritance of the sire MV144-58-00 KAPl.3 B allele was associated with 
whiter wool colour at 36 months of age (P = 0.045). This result was not observed at 12 
months of age and this trait was not measured at 24 months of age. 
Progeny that inherited the MV144-58-00 KAPl.3 D allele tended to have a lower 
FDSD at 12 months of age (P = 0.055) than those that inherited the KAP1.3 B allele. This 
trend is not seen at 24 and 36 months of age. 
Stoneyhurst 
A summary of the results of the associations of Stoney hurst KAP1.3 alleles 
inherited by progeny groups with wool traits are listed in Appendix K, while those traits 
that were significant are presented in Table 5.1. Gender was not found to be a main effect 
in any ofthe associations tested (Appendix K). 
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Inheritance of the J allele at the KAPl.3 locus was associated with increased 
staple length (P = 0.017), whereas the inheritance ofKAPI.3 C allele was associated with 
increased wool brightness (P = 0.010). 
Table 5.1 Association ofMV144-58-00 and Stoneyhurst KAPl.3 alleles inherited by 
progeny groups with wool traits'. 
Traits n Group average of sire alleles P-value 
(sire alleles) 
MV144-58-00 B D B D 
Yield 1 (% GFW) 54 63 75.65 ± 2.76 76.45 ± 2.87 0.119 
Yield 2 (% GFW) 52 59 75.58 ± 3.34 76.63 ± 2.99 0.091# 
Yield 3 (% GFW) 18 17 76.65 ± 3.54 79.12 ± 3.91 0.059# 
Yellowness 1 (Y -Z) 54 63 -2.66 ± 0.95 -2.70 ± 0.63 0.761 
Yellowness 2 (Y-Z) 52 59 
Yellowness 3 (Y -Z) 18 17 -3.86 ± 0.43 -3.49 ± 0.59 0.045 
FDSD 1 (!lm) 56 64 3.66 ± 0.61 3.45 ± 0.56 0.055# 
FDSD 2 (!lm) 52 59 3.98 ± 1.31 4.04 ± 1.20 0.762 
FDSD 3 (!lm) 18 17 3.20 ± 0.29 3.20 ± 0.45 0.963 
Stoneyhurst C J C J 
Staple length 1 (mm) 18 15 70.11 ± 8.53 77.20 ± 6.10 0.017 
Brightness 1 (Y) 1-8 17 71.10 ± 2.35 68.66±4.05 0.010 
'Only those traits that were significant for at least one year, or show a strong trend are shown. Each 
group mean is quoted along with its standard error, and pairs of means found to have significant 
differences are highlighted in bold. FDSD: fibre diameter standard deviation. 
# = pairs of means showing a strong trend. The number after the trait name abbreviation denotes the 
age at shearing, i.e. 1, 2, or 3 years of age. 
Power analyses 
As for the KAPl.l (see Section 4.3) a power analysis was performed for the 
KAP 1. 3 data. 
The sample size required to detect at least a 10% difference between KAP 1.3 
sire allele groups for each half-sib family is shown in Table 5.2. In year one (n = 120) 
there were inadequate MV144-58-00 progeny numbers to reliably detect a 10% 
difference between sire allele groups for CFW, prickle factor, GFW, staple strength, 
yellowness; in year two (n = 101) there were probably inadequate progeny numbers 
for CVD, prickle factor, FDSD, and staple strength (CFW, GFW and yellowness were 
not measured in year two) ; and in year three (n = 35) there were inadequate progeny 
numbers for CVD, prickle factor, FDSD, staple length, staple strength, and 
yellowness (CFW and GFW). 
Wool trait measurements were only taken at 12 months for the Stoneyhurst 
half-sib family. There were probably inadequate Stoneyhurst progeny numbers (n=35) 
to reliably detect a 10% difference between sire allele groups for curvature, CVD, 
FDSD, prickle factor, staple strength, staple length and yellowness (CFW and GFW 
were not measured). 
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A comparison of the smallest detectable difference between sire-allele groups with 
the progeny numbers used with the observed difference between the sire-allele groups is 
shown in Table 5.3 
5.4 Discussion 
A PCR-SSCP typing method was developed to identify genetic variation in the 
KAPl.3 locus. Ten KAPl.3 alleles were identified and these were designated A-J. The B 
allele (GenBank accession number AY835590) sequence identified in this study shared 
100% homology with the KAPl.3 gene reported by Powell et al. (1983), and the L allele 
reported by Rogers et al. (1994b). The sequences of all the other alleles (A, C-I) differed 
by at least one or more nucleotides from those previously reported by Rogers et al. 
(1994b). 
Alignment of the ten KAP 1.3 alleles identified in this study showed that in total, 
there were 17 nucleotide substitutions - 12 in the coding region and of which 11 were 
synonymous, four in the 5' untranslated region and one in the 3' untranslated region. Only 
allele I showed a non-synonymous nucleotide substitution, in which a nucleotide 
substitution at position 48 results in a Pro~Ser amino acid change, relative to Figure 3.9. 
A substitution from Pro~Ser may impact on protein structure because the two amino acids 
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have different properties. Proline is a cyclic non-polar amino acid, and differs from serine, 
which is a polar amino acid, with a hydroxyl group. 
Four of the alleles identified in this study were found to have a nucleotide 
substitution in the 5' untranslated region. This was of interest because the substitutions 
were located within a conserved sequence (Figure 1.2). Most genes coding for the KAPs 
wool matrix are known to contain a conserved 18 bp sequence, immediately 5' to the 
initiation codon (Frenkel et ai., 1989; Kuczek and Rogers, 1987; Zhumabaeva et ai, 1992; 
Rogers, 1994). According to Powell and Rogers (1990), the conserved 18 bp sequence may 
have a role in regulating expression of the genes for the matrix proteins within the cortex 
of the follicle. Further studies could be conducted to investigate the influence of nucleotide 
substitution in the conserved 18 bp region of alleles C, E, H and I using sheep that were 
homozygous for the alleles. 
The two sires used in the study had different KAP 1.3 alleles. While the genotype 
of MV144-58-00 was BD, Stoneyhurst's genotype was CJ. Sequence comparison of 
MVI44-58-00 alleles showed that there was only a single nucleotide difference between 
the two alleles, a 337 G---+A in the D allele, relative to Figure 3.9. This substitution was 
silent, producing the amino acid valine in both codons. However, Kimchi-Sarfaty et ai. 
(2006) recently reported that, silent nucleotide substitution that resulted in a rare codon 
was found to alter the function of the gene product of the Multidrug Resistance 1 gene in 
several mammalian cell lines, hence revealing that silent sequence variation can also 
affect protein function. Progeny that inherited the KAP 1.1 A allele from MV144-58-00 
had an average yield of7(j.91 % GFW and 79.13% GFW at 24 and 36 months, 
respectively. Similarly, progeny that inherited the KAP 1.3 D allele from MVI44-58-00 
had an average yield of76.63% GFW and 79.12% GFW at 24 and 36 months of age, 
respectively. 
By comparison, progeny that inherited the KAP1.1 B allele from MVI44-58-00 
had on average yield of75.48% GFW and 76.68% GFW at 24 and 36 months of age, 
respectively. While progeny that inherited the KAP 1.3 B allele from MV144-58-00 had 
an average yield of75.58% GFW and 76.65% GFW at 24 and 36 months of age, 
respectively. These results suggest that the extended haplotypes from MVI44-58-00 are: 
KAP 1.1 A - KAP 1.3 D and KAP 1.1 B - KAP 1.3 B. The slight difference in the mean 
yields between the two loci suggest some recombination may have occurred between the 
loci. For more discussion on these extended haplotypes, refer to Chapter Six. 
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Table 5.2 Sample size required to detect at least a 10% difference between KAPl.3 sire 
allele groups in the wool traits list for each sire-line, at P<0.05 with 80% power. 
N Trait n per allele to N lambs required Sire-line Traitl 
average2 EMS
3 detect at least a to detect a 10% 
lambs 10% difference difference 
MV144-58-00 120 Prickle factor 1 3.81 6.68 737 1474 
120 MFDI 16.85 0.90 5 10 
120 FDSD 1 3.55 0.34 44 88 
120 CVD 1 21.37 5.29 19 38 
120 Curvature 1 96.59 4.56 1 2 
120 Yield 1 76.08 8.01 2 4 
120 Staple length 1 84.54 92.23 21 42 
120 Staple strength 1 21.88 85.00 284 568 
120 Brightness 1 68.14 112.22 39 78 
120 Yellowness 1 -2.68 0.64 142 284 
120 GFW1 3.18 0.46 73 146 
120 CFW1 2.40 0.37 102 204 
101 MFD2 18.28 2.37 11 22 
101 Yield 2 76.14 9.50 3 6 
101 Staple length 2 82.13 87.67 21 42 
101 Staple strength 2 34.99 112.14 147 294 
101 FDSD2 4.01 1.57 156 312 
101 CVD2 21.73 30.50 103 206 
101 Prickle factor 2 1.68 3.66 2073 4145 
35 MFD3 17.45 0.97 5 10 
35 Yield 3 77.85 13.88 4 8 
35 Staple length 3 86.14 99.30 21 42 
35 Staple strength 3 36.83 93.46 110 220 
35 FDSD3 3.20 0.14 22 44 
35 CVD3 18.37 5.43 26 52 
35 Prickle factor 3 0.58 0.15 707 1414 
35 Brightness 3 71.26 3.20 1 2 
35 Yellowness 3 -3.68 0.26 31 62 
35 Curvature 3 89.67 81.61 16 32 
Stoneyhurst 35 Prickle factor 3 1.61 2.00 1231 2462 
35 MFD1 19.07 1.82 8 16 
35 FDSD 1 3.89 0.44 46 92 
35 CVD1 20.46 10.49 40 80 
35 Curvature 1 94.58 128.84 23 46 
35 Yield 1 71.84 14.99 5 10 
35 Staple length 1 73.33 60.35 18 36 
35 Staple strength 1 31.30 101.01 165 330 
35 Brightness 1 69.92 9.81 3 6 
35 Yellowness 1 -2.83 0.24 48 96 
IMFD: mean fibre diameter; FDSD: fibre diameter standard deviation; CVD: coefficient of 
variation of fibre diameter; GFW: greasy fleece weight; CFW: clean fleece weight. 2 Across all 
progeny measured. 3Error Mean Square-taken from the ANOV A for each individual trait. 
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Table 5.3 A comparison of the smallest detectable difference between KAPl.3 sire-allele 
groups with the progeny numbers used and the observed difference between the sire-allele 
groups means for each wool trait measured 
Age Trait Smallest Difference observ€ Sire-line Nlambs Traie detectable (months) average2 difference (%)3 between alleles (o!tJ 
MV 144-58-00 120 12 Prickle factor 3.81 35 10.3 
120 12 MFD 16.85 2.9 1.6 
120 12 FDSD 3.55 8.5 5.9 
120 12 CVD 21.37 5.6 0.7 
120 12 Curvature 96.59 1.1 0.6 
120 12 Yield 76.08 1.9 1 
120 12 Staple length 84.54 5.9 2.4 
120 12 Staple strength 21.88 21.8 12.7 
120 12 Brightness 68.14 8 1.8 
120 12 Yellowness -2.68 15.4 1.6 
120 12 GFW 3.18 11 0.3 
120 12 CFW 2.40 13.1 2 
101 24 MFD 18.28 4.7 2.7 
101 24 Yield 76.14 2.3 1.4 
101 24 Staple length 82.13 6.4 0.2 
101 24 Staple strength 34.99 17 0.4 
101 24 FDSD 4.01 17.6 1.4 
101 24 CVD 21.73 14.3 4.8 
101 24 Prickle factor 1.68 64.1 17.9 
35 36 MFD 17.45 5.4 2.9 
35 36 Yield 77.85 4.6 3.2 
35 36 Staple length 86.14 11.1 3 
35 36 Staple strength 36.83 25.1 10.9 
35 36 FDSD 3.20 11.2 0.2 
35 36 CVD 18.37 12.1 2.4 
35 36 Prickle factor 0.58 63.6 9.7 
35 36 Brightness 71.26 2.4 1.4 
35 36 Yellowness -3.68 13.3 9.9 
35 36 Curvature 89.67 9.6 1.8 
Stoneyhurst 35 12 Prickle factor 1.61 83.9 36.5 
35 12 MFD 19 .. 07 6.8 1.6 
35 12 FDSD 3.89 16.2 6.3 
35 12 CVD 20.46 15.1 7.1 
35 12 Curvature 94.58 11.5 2.4 
35 12 Yield 71.84 5.2 0 
35 12 Staple length 73.33 10.1 9.7 
35 12 Staple strength 31.30 30.7 0.6 
35 12 Brightness 69.92 4.3 3.5 
35 12 Yellowness -2.83 16.5 9.2 
'MFD: mean fibre diameter; FDSD: fibre diameter standard deviation; CVD: coefficient of variation of 
fibre diameter; GFW: greasy fleece weight; CFW: clean fleece weight. 2 Across all progeny measured. 3 At 
80%. Bolded traits were significant. 
103 
Sequence comparison of Stoneyhurst alleles showed that there were two single 
nucleotide differences between C and J alleles. One of the differences was within the 5' 
untranslated region and the second was in the coding region at position 241 C~G in the 
C allele, relative to Figure 3.9. The latter substitution was silent, producing the amino 
acid threonine in both codons. However, the former nucleotide substitution was located 
within a conserved 18 bp sequence (Figure 1.2) of the KAPs wool matrix (Frenkel et ai., 
1989; Kuczek and Rogers, 1987; Zhumabaeva et ai, 1992; Rogers, 1994). Given that the 
conserved 18 bp sequence may have a role in regulating expression of the genes for the 
matrix proteins within the cortex of the follicle (Powell and Rogers, 1990), progeny that 
inherited a sire J allele were expected to produce more favourable wool traits related to 
wool growth (GFW, CFW, yield, staple length), than progeny that inherited sire C allele. 
As expected, statistical analyses within the Stoneyhurst half-sib showed that the KAPl.3 J 
allele was associated with longer staple length (P = 0.017). Neither allele showed an 
association with yield, and this could have been as a result of small sample size used, and 
GFW and CFW were not measured in Stoneyhurst progeny. While the KAP1.3 C allele 
was associated with lowest staple length within the Stoneyhurst half-sib, this allele was 
also associated with brighter wool colour in the same half-sib (P = 0.010). This trend 
occurred in a similar fashion to associations previously observed with the KAP 1.1 sire 
alleles. The difference in brightness between the progeny inheriting the KAP 1.1 C allele 
and the KAP 1. 1 J allele is not commercially significant. For staple length, however, the 
difference could be of commercial significance. Unfortunately, data for Stoneyhurst was 
available from one year_ol1lY, and no wool weight data were available, so it is not known 
ifthe association with staple length would have persisted at 24 and 36 months of age, or 
affected wool weight. Further investigation is required. 
The KAP1.3 B allele showed a strong trend with lower FDSD in MVI44-58-00 
progeny at 12 months of age (P = 0.055). At 24 and 36 months of age, such a trend was 
not seen. Table 5.2 revealed that there were probably inadequate MV144-58-00 progeny 
numbers to detect a 10% difference between sire allele groups for FDSD at 24 and 36 
months of age. Therefore, such a trend may have been seen with larger sample sizes. 
These results are preliminary findings only. However, there is an indication that 
KAP 1. 3 could be a useful gene marker for breeding sheep with increased yield and staple 
length and with whiter and brighter wool. 
Chapter 6 
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Analysis of the KRT1.2 gene and wool 
traits 
6.1 Introduction 
KRT1.2 belongs to the Type I (acidic) family of the keratin IF proteins. The KRT 
proteins form the skeletal structures of the fibre, the micro fibrils, and genes coding for the 
KR T proteins are highly conserved during evolution (Powell, 1996; Marshall and 
Gillespie, 1982). Such conservation suggests that these genes are intolerant to major 
changes and that they are very important to the integrity of the wool fibre. 
KRT1.2 has been mapped to ovine chromosome 11 (McLaren et ai., 1997). The 
mapping position on chromosome 11 is 73.4 cM (Figure 3.1 and 
http://www.thearkdb.org). Some ofthe genes which have been located within the same 
chromosomal region include matrix wool proteins (Parsons et al., 1994c), growth 
hormone (Hediger et ai., 1990), the retinoic acid receptor (RARa) (Nadeau et ai., 1992) 
. and homeobox proteins (HOX2) (Nadeau et al., 1992). Wilson et al. (1988) isolated and 
sequenced the KRT1.2 gene (47.6 kDa). The primary transcript was found to be 5180 bp 
in length, with seven exons. Furthermore, conservation of the introns, protein and 
nucleotide sequence in the a-helical rod region of the IF proteins has been observed 
(Wilson et al., 1988). Nucleotide and amino acid sequences ofKRT1.2 can be found at 
GenBank accession number M23912 (Wilson et al., 1988). 
Primers used for the amplification ofKRTl.2 locus in this study were originally 
published by Rogers et al. (1993), and were designed to amplify the first exon of the 
gene. The upstream primer was located in the 5' non-codin& (5' -UTR) region while the 
downstream primer was located in the first intron of the gene. Rogers et al. (1993) and 
McLaren et al. (1997) reported a diallelic polymorphism at the KR Tl.2 locus using an 
Mspl PCR-RFLP in a 480 bp PCR product of Romney sheep. The two alleles identified 
were a result of the presence/absence of an Mspl recognition site at nucleotide 259 bp 
(allele MIN respectively), Furthermore, Rogers et al. (1994a) associated a region on 
chromosome 11, which included KAPl.l, KAP1.3 and KRT1.2 with variation in wool 
staple strength. 
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Given that the KR Ts form the micro fibrils, and that previous studies associated the 
chromosomal region containing this locus with variation in staple strength, it was 
anticipated that polymorphism at this locus was likely to affect some of the variation 
observed in wool traits. 
6.2 Materials and methods 
For animals used in this study, refer to Chapter Two. For all the genotyping methods, 




The genotype of the MV144-58-00 at the KRT1.2 locus was AB. Forty-two lambs 
out of 130 lambs had the same genotype as their sire. The ewes ofthese lambs were 
subsequently genotyped, and eleven out of 42 had the same genotype as the ram again. 
These lambs were excluded from further statistical analysis. Blood samples from two of 
the ewes which typed the same as the sire were not available, and these lambs were also 
excluded from the study. 
Stoneyhurst 
The genotype of Stoney hurst at the KRT 1. 2 locus was DE. Two out of 40 lambs 
had the same genotype as the sire, and the genotype of the ewes for these two lambs was 
subsequently determined, and all lambs could be further statistically analysed. 
Association between segregating sire alleles and wool traits 
The sire alleles at the KR Tl.2 locus showed a Mendelian pattern of inheritance and 
segregated in a 1: 1 ratio in the progeny of each half sib (Appendix I). 
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MV144-58-00 
The associations ofthe MVI44-58-00 KRT1.2 alleles inherited by progeny groups 
with wool traits are listed in Appendix K, while those traits that were significant for at 
least one year, or show a strong trend are presented in Table 6.1. 
Progeny with sire MVI44-58-00 KRT1.2 B allele showed a strong trend towards 
increased yield at 24 months of age (P = 0.057). In years one and three, the progeny that 
inherited the B allele had slightly higher yields than the progeny that inherited the A 
allele, although these differences were not significant. 
The inheritance of the A allele was significantly associated with whiter wool at 36 
months of age (P = 0.019). The mean yellowness of the wool (a large negative value is 
desirable) from progeny that inherited the B allele was -3.43 ± 0.62, while those animals 
that inherited the A allele had a mean yellowness of -3.88 ± 0040. This significance, 
however, was not observed in the first shearing year and this trait was unfortunately not 
measured during the second year. 
Sire allele B was also associated with variation in FDSD at 12 months of age (P = 
0.040). The FDSD ofthe wool from progeny that inherited the B allele was 3.45 ± 0.57 
J..lm, while the FDSD of those progeny that inherited the A allele was 3.68 ± 0.61 J..lm. This 
association was not apparent at 34 and 36 months of age. 
The sire alleles of KR Tl.2 were associated with variation in staple strength at 12 
months of age (P = 0.025). Wool fibre from the progeny that inherited allele A had a 
staple strength of 20.04 ± 8.07 N/ktex, while those progeny that inherited the B allele 
from their sire had a staple strength of23.95 ± 9.87 Nlktex. This association was not 
apparent at 24 and 36 months of age. 
Sire allele A showed a trend towards increased curvature at 36 months of age (P = 
0.089). The wool curvature of the progeny that inherited the A allele was 92.15 ± 7.38 
o/mm, while the progeny that inherited the B allele had wool curvature of 86.72 ± 10.36 
o/mm. 
Sire allele B showed a trend towards increased greasy fleece weight at 12 months 
of age (P = 0.069). The GFW ofthe progeny that inherited the B allele was 3.29 ± 0.77 
kg, while the progeny that inherited the A allele had a GFW of 3 .06 ± 0.56 kg. GFW was 
unfortunately not measured at 24 and 36 months of age. 
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Stoneyhurst 
The association of Stoneyhurst KRT1.2 alleles inherited by progeny groups with 
wool traits are listed in Appendix K, while those traits that were significant are presented 
in Table 6.1. 
Statistical analyses within the Stoneyhurst half-sib family showed that the 
inheritance of the D allele at the KRT1.2locus was associated with increased staple 
length (P = 0.033), while the E allele was associated with increased wool brightness (P = 
0.010). 
Table 6.1 Association of sires MV144-58-00 and Stoneyhurst KRT1.2 alleles inherited by 
progeny groups with wool traitsl. 
Traits l n Group average of sire alleles P-value 
MV144-58-00 A B A B 
Yield I (% GFW) 56 58 75.65 ± 2.75 76.44 ± 2.92 0.126 
Yield 2 (% GFW) 53 54 75.56 ± 0.43 76.71 ±0.42 0.057# 
Yield 3 (% GFW) 18 15 77.04 ± 3.66 79.09 ± 4.14 0.142 
Yellowness 1 (Y -Z) 56 58 -2.73 ± 0.80 -2.70 ± 0.64 0.811 
Yellowness 3 (Y -Z) 18 15 -3.88 ± 0.40 -3.43 ± 0.62 0.019 
FDSD 1 (~m) 56 60 3.68 ± 0.61 3.45 ± 0.57 0.040 
FDSD 2 (~m) 53 54 3.98 ± 1.26 4.07 ± 1.26 0.673 
FDSD 3 (~m) 18 15 3.15 ± 0.30 3.23 ± 0.46 0.535 
Staple strength 1 (N/ktex) . 56 58 20.04 ± 8.07 23.95 ± 9.87 0.025 
Staple strength 2 (N/ktex) 53 54 35.25 ± 10.56 34.37 ±10.91 0.678 
Curvature 1 (o/mm) 56 60 96.80 ± 7.65 95.99 ± 6.50 0.538 
Curvature 3 CO/mm) 18 15 92.15 ± 7.38 86.72 ± 10.36 0.089# 
GFW (kg) 1 56 60 3.06 ± 0.56 . 3.29 ± 0.77 0.069# 
Stoneyhurst D E D E 
Staple length 1 (mm) 13 20 77.15 ±6.56 70.85 ± 8.40 0.033 
Brightness 1 (Y) 15 20 68.63 ± 4.25 70.88 ± 2.43 0.022 
'Only those traits that were significant for at least one year, or show a strong trend have been shown for all 
the three years measured. Each group mean is quoted along with its standard error, and pairs of means 
found to have significant differences are highlighted in bold. FDSD: Fibre diameter standard deviation; 
GFW: greasy fleece weight. # = pairs of means showing a strong trend. The number after the trait name 
abbreviation denotes the age at shearing, i.e. 1, 2, or 3 years of age. 
Power analyses 
As for the KAP1.1 and KAP1.3 loci a power analysis (see Section 4.3) was 
perfonned for the KR T1.2 data. 
The sample size required to detect a 10% difference between KAP 1.1 sire 
allele groups for each half-sib family is shown in Table 6.2. In year one (n = 116) 
there were probably inadequate MV144-58-00 progeny numbers to detect a 10% 
difference between sire allele groups for CFW, prickle factor, GFW, staple strength, 
yellowness; in year two (n = 107) there were inadequate progeny numbers for CVD, 
prickle factor, FDSD, and staple strength (CFW, GFW and yellowness were not 
measured in year two); and in year three (n = 33) there were inadequate progeny 
numbers for CVD, prickle factor, FDSD, staple length, staple strength, and 
yellowness (and CFW). 
Wool trait measurements were only taken at 12 months of age for the 
Stoneyhurst half-sib family. There were probably inadequate Stoneyhurst progeny 
numbers (n=35) to detect a 10% difference between sire allele groups for curvature, 
CVD, FDSD, prickle factor, staple strength, staple length and yellowness (CFW and 
GFW were not measured). 
A comparison of the smallest detectable difference between sire-allele groups 
with the progeny numbers used with the observed difference between the sire-allele 
groups is shown in Table 6.3. 
6.4 Discussion 
Five alleles (named A-E) were found at the KRT 1. 2 locus in this study. 
Sequence analysis of alleles A through E revealed that in total, there were nine 
nucleotide substitutions, all which were located within the coding region (Table 3.9). 
Except for one of the substitutions in the C allele (a Thr~Ala substitution at position 
82), all of the nucleotide substitutions were silent. The Thr~Ala substitution might 
impact on protein structure, since the two amino acids have different properties. 
Threonine is a polar amino with a hydroxyl group, differs from alanine which is 
aliphatic and non-polar amino acid. 
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Table 6.2 Sample size required to detect at least a 10% difference between KRT1.2 
sire allele groups in the wool traits list for each sire-line, at P<0.05 with 80% power. 
n Trait n per allele to detect N lambs required Sire-line Traie 
average2 EMS
3 at least a 10% to detect a 10% 
lambs difference difference 
MV 144-58-00 116 Prickle factor 1 3.84 6.87 743 1487 
116 MFDI 16.86 0.91 5 10 
116 FDSD 1 3.56 0.35 44 88 
116 CVD 1 21.38 5.59 20 40 
116 Curvature 1 96.38 50.92 9 18 
116 Yield 1 76.05 8.13 2 4 
116 Staple length 1 84.48 92.29 21 42 
116 Staple strength 1 22.03 83.01 274 548 
116 Brightness 1 68.11 114.83 40 80 
116 Yellowness 1 -2.72 0.53 115 230 
116 GFWI 3.18 0.46 73 146 
116 CFWI 2.40 0.37 102 204 
107 MFD2 18.27 2.34 11 22 
107 Yield 2 76.14 9.56 3 5 
107 Staple length 2 62.11 88.04 37 74 
107 Staple strength 2 34.80 116.70 154 308 
107 FDSD2 4.02 1.56 155 310 
107 CVD2 21.80 30.68 103 206 
107 Prickle factor 2 1.68 3.65 2075 4150 
33 MFD3 17.46 1.06 6 11 
33 Yield 3 77.97 15.09 4 8 
33 Staple length 3 85.79 104.57 23 46 
33 Staple strength 3 37.91 87.78 98 196 
33 FDSD3 3.19 0.14 23 46 
33 CVD3 18.30 5.57 27 54 
33 Prickle factor 3 0.59 0.15 674 1348 
33 Brightness 3 71.21 3.62 1 2 
33 Yellowness 3 -3.68 0.26 31 62 
33 Curvature 3 89.68 78.33 16 32 
Stoneyhurst 35 Prickle factor 1 1.61 1.98 1225 2450 
35 MFD1 19.07 1.86 8 16 
35 FDSD 1 3.89 0.44 47 94 
35 CVD 1 20.46 10.92 42 84 
35 Curvature 1 94.58 126.21 23 46 
35 Yield 1 71.84 14.72 5 10 
35 Staple length 1 73.33 62.89 19 38 
35 Staple strength 1 31.30 99.20 162 324 
35 Brightness 1 69.92 10.01 3 6 
35 Yellowness 1 -2.83 0.24 48 96 
IMFD: mean fibre diameter; FDSD: fibre diameter standard deviation; CVD: coefficient of variation 
of fibre diameter; GFW: greasy fleece weight; CFW: clean fleece weight. 2 Across all progeny 
measured. 3Error Mean Square-taken from the ANOV A for each individual trait. 
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Table 6.3 A comparison of the smallest detectable difference between KRT1.2 sire-
allele groups with the progeny numbers used and the observed difference between the 
sire-allele groups means for each wool trait measured 
Age Trait Smallest Difference Sire-line nlambs Traie average detectable observed between (months) 2 difference (%)3 alleles (%) 
MV 144-58-00 116 12 Prickle factor 3.84 35.8 12.4 
116 12 MFD 16.86 3 1.3 
116 12 FDSD 3.56 8.7 6.5 
116 12 CVD 21.38 5.8 2 
116 12 Curvature 96.38 3.9 0.8 
116 12 Yield 76.05 2 1 
116 12 Staple length 84.48 6 3 
116 12 Staple strength 22.03 21.7 17.7 
116 12 Brightness 68.11 8.3 1.5 
116 12 Yellowness -2.72 14.1 1 
116 12 GFW 3.18 11.2 7 
116 12 CFW 2.40 13.2 7.3 
107 24 MFD 18.27 4.6 1.8 
107 24 Yield 76.14 2.2 1.5 
107 24 Staple length 62.11 8.3 1.4 
107 24 Staple strength 34.80 17 2.5 
107 24 FDSD 4.02 17 2.2 
107 24 CVD 21.80 13.9 4.7 
107 24 Prickle factor 1.68 62.3 8.9 
33 36 MFD 17.46 5.8 2.3 
33 36 Yield 77.97 4.9 2.6 
33 36 Staple length 85.79 11.7 0.5 
33 36 Staple strength 37.91 24.3 14.4 
33 36 FDSD 3.19 11.7 2.6 
33 36 CVD 18.30 12.7 4.4 
33 36 Prickle factor 0.59 63.9 25.1 
33 36 Brightness 71.21 2.6 0.1 
33 36 Yellowness -3.68 13.8 12.1 
33 36 Curvature 89.68 9.7 6 
Stoney hurst 35 12 Prickle factor 1.61 83.7 44.9 
35 12 MFD 19.07 6.8 -0.6 
35 12 FDSD 3.89 16.3 5.5 
35 12 CVD 20.46 15.4 5.2 
35 12 Curvature 94.58 11.4 3.9 
35 12 Yield 71.84 5.1 0.9 
35 12 Staple length 73.33 10.3 8.6 
35 12 Staple strength 31.30 30.4 9.4 
35 12 Brightness 69.92 4.3 3.2 
35 12 Yellowness -2.83 16.6 8.3 
IMFD: mean fibre diameter; FDSD: fibre diameter standard deviation; CVD: 
coefficient of variation of fibre diameter; GFW: greasy fleece weight; CFW: clean fleece 
weight. 2 Across all progeny measured. 3 At 80%. Bolded traits were significant. 
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The two sires used in the study had different KRT1.2 alleles. While the 
genotype ofMV144-58-00 was AB, Stoneyhurst's genotype was DE. Sequence 
comparison ofMV144-58-00 alleles showed that there was a silent single nucleotide 
difference between MV144-58-00 alleles, a 223 C~T in the A allele, relative to 
Figure 3.12. This substitution was silent, producing the amino acid asparagine in both 
codons. However, a recent report by Kimchi-Sarfaty et ai. (2006) indicates that silent 
nucleotide changes can also change gene expression and protein structure, and could 
therefore impact on the wool fibre traits. In addition, the substitution could be linked 
to variation in the promoter region, or introns that affect the level of expression. It is 
plausible that nucleotide substitution (synonymous or non-synonymous) within a 
critical region ofthe KRT protein could adversely affect the integrity of the 
intermediate filaments and consequently the mechanical behaviour ofthe wool fibre. 
Therefore, differences in wool traits between the KRT1.2 A and B alleles were not 
unexpected. 
This study showed an association between the MV144-58-00 allele B at the 
KRTl.2 locus with an increase in staple strength at 12 months of age (P = 0.025). The 
association was not observed at 24 and 36 months of age. However, power analyses 
showed that there were inadequate MVI44-58-00 progeny numbers to detect a 10% 
difference between sire allele groups for staple strength at 24 and 36 months of age, 
and therefore it is possible that in the presence of a larger sample size, an association 
may have been observed. The possibility that wool staple strength is also affected by 
environmental factors,_such as feed supply and stress (due to infections or extreme 
temperatures) cannot be discounted. If the feed supply during the second and third 
years was limited, then nutrients would have to be partitioned between live weight 
and wool growth. It might also be speculated that genes that act in an age-dependant 
manner and map to the same region as KR Tl.2 could be impacting on staple strength. 
Results by Rogers et ai. (1994a) showed evidence of a QTL for wool strength on 
chromosome 11 in Romney sheep. The finding from this study is in agreement with 
Rogers et ai.'s (1994a) findings. The observed difference in staple strength between 
the progeny inheriting KRT1.2 A allele and KRT1.2 B allele appears to be 
commercially significant. An average difference of + 3.91 N/ktex staple strength for 
fine wool would probably affect the value of that wool, although this varies from 
season to season and consignment to consignment based on market values and the end 
uses for that wool. 
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The KRT1.2 MVI44-58-00 B allele was associated with lowest FDSD at 12 
months of age (P = 0.040). At 24 and 36 moths of age, no association was observed 
between the B allele and variation in FDSD. However, as indicated in Table 6.2, a 
larger number of progeny was required to detect a 10% difference between sire allele 
groups. 
An association was observed between KRTl.2 A allele and whiter wool colour 
(P = 0.019) at 36 months of age. These results support previous findings by McKenzie 
et al. (2001), where by a microsatellite OarFCB193 that is in close proximity to the 
KAP genes on chromosome 11, was linked to challenge colour yellowness of wool. 
Furthermore, the result are consistent with OarFCB 193 being in close proximity to 
the keratin genes on chromosome 11. It should also be noted that although the 
difference in wool colour observed in this study was statistically significant, it does 
not have any commercial significance. While the average value of -3.88 ± 0.40 Y-Z 
for the progeny inheriting the KRTl.2 A allele (Table 6.1) equates to very white wool, 
the average value of -3.43 ± 0.062 Y-Z for the progeny inheriting the KRTl.2 B allele 
also translates into white wool. 
Strong trends were observed between KR Tl.2 B allele with increased yield at 
24 months of age (P = 0.057), and with increased GFW at 12 months of age (P = 
0.069). The observed affect ofthe KRT1.2 B allele on GFW with 7% difference 
between KR Tl.2 A and B alleles is promising as a possible marker for GFW, and 
requires further study in other half-sib families. 
Sequence coml?arison of the Stoneyhurst sire alleles revealed that the alleles 
differed with five silent single nucleotide substitutions. Statistical analyses of progeny 
groups inheriting Stoneyhurst sire alleles revealed that allele D was associated with 
longer staple length (P = 0.033) while allele E was associated with brighter wool (P = 
0.022). 
Though further studies are needed to confirm this outcome, there is evidence 
that KRT1.2 could be a potential gene marker for staple strength and staple length. 
Chapter 7 Haplotype analysis of the KAP1.1, 
KAP1.3 and KRT1.2 loci 
7.1 Introduction 
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The availability of an extensive sheep linkage map with DNA markers evenly 
spaced throughout the genome, facilitates the identification of QTL linked to 
economic traits in sheep. Crawford et al. (1995) was the first to publish an extensive 
sheep genetic map, which contained 246 markers (86 ovine micro satellites, 126 
bovine micro satellites, 1 deer micro satellite and 33 known genes) that spanned 2070 
cM. Since then, there have been revised sheep genetic map publications. De Gortari et 
al. (1998) published a sheep genetic map containing 519 markers (402 bovine 
micro satellites, 101 ovinemicrosatellites, and 16 genes) that spanned 3063 cM across 
the autosome chromosomes. In 2001, Maddox et al. published a sheep genetic map 
with more markers, 1062 loci in total that spanned across 3400 cM across the 
auto somes and 132 cM across the X chromosome, of which 121 were genes. Although 
the currently revised sheep genetic map has more markers than the previous maps, the 
majority ofthese are microsatellites and only a limited number of expressed genes are 
available. Furthermore, McRae and Beraldi (2006) recently pointed out that the 
current sheep genetic map still has errors in map order and presumably distance 
between loci and it will still need to be upgraded. 
Sheep contain 27 pairs of chromosomes, of which 26 pairs are autosomal and 
one pair is sex chromosomes (Cockett et al., 2001). Every sheep will inherit two 
copies of any gene located on an autosome, one from its mbther and the other from its 
father, but the inheritance of genes on sex chromosomes is more complex. Often 
genes involved in certain cellular pathways or for certain protein structures are 
grouped together on chromosomes and are co-inherited. These are referred to as 
linked genes or gene clusters. Linkage analysis has shown that there are two clusters 
of important wool genes; one on chromosome 1 that includes KAP6, KAP7 and 
KAP8, and another on chromosome 11 that includes KRTI0, KAP3.2, KAPl.l, 
KAPl.3, and KRTl.2. Studies by Hediger et al. (1990); Parsons et al. (1994c), 
McLaren et al. (1997) have all shown that KAP 1.1, KAP 1.3 and KR T 1.2 are located 
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on chromosome 11 while Rogers (1994) and McLaren et al. (1997) have shown that 
these three loci are tightly linked. The original "gene sequence" paper by Powell et al. 
(1983) suggest that KAP1.1 and KAP1.4 are approximately 2400 bp apart. 
A set of alleles of closely linked loci on a chromosome that tend to be 
inherited together is termed a haplotype (Gibbs et al., 2005). The more often a set of 
alleles is inherited together, the tighter the "linkage". The tighter the linkage, the more 
often a set of alleles that are in close proximity to one another will be co-inherited. 
Thus, KAPl.1-KAPl.3-KRTl.2 haplotypes should be associated with trait variation 
observed for each individual locus. Recombination between tightly linked loci occurs 
at a very low frequency (or not at all), and therefore a particular sire should pass on 
two major KAPl.1-KAPl.3-KRTl.2 haplotypes at a ratio of about 50:50. 
This Chapter discusses the inherited haplotypes in MV144-58-00 and 
Stoneyhurst half-sibs, at the KAPl.1-KAPl.3-KRTl.2 loci. 
7.2 Materials and methods 
Sheep and genotyping 
For animals used in this study, refer to Chapter Two. For all the genotyping 
methods, refer to Chapter Three and for the statistical analyses, refer to Chapter Four. 
Haplotype determination for each half-sib family 
Alleles for each animal at KAPl.1, KAPl.3 and KRTl.2 were determined using 
methods described in Chapter Three. Haplotypes were determined using a layered 
cross-tabulation. 
Comparison of wool from progeny with different haplotypes 
Comparison between two progeny groups which inherited the MV144-58-00 
KAPl.1 A - KAPl.3 D - KRTl.2 B haplotype and the KAPl.1 B - KAPl.3 B -
KRT1.2 A haplotype was performed using a univariate ANOV A (fixed variable-
haplotype) for all the wool traits that had been shown to be associated with these loci. 
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Comparison was also performed between two progeny groups which inherited 
Stoneyhurst KAPl.l C - KAPl.3 C - KRTl.2 E haplotype and the KAPl.1 B -
KAP 1.3 J - KR T1.2 D haplotype for the wool traits shown to be associated with these 
loci. Animals that had minor haplotypes were excluded from the statistical analyses. 
7.3 Results 
Haplotypes of KAP1.1, KAP1.3 and KRT1.2 
MV144-58-00 
The genotypes ofMV144-58-00 at the KAPl.1, KAPl.3 and KRTl.210ci 
were AB, BD and AB respectively. Out of the 131 lambs genotyped at the KAP 1.1, 
KAPl.3 and KRTl.210ci, 32 lambs had the same genotype as both the sire and ewes 
at these loci, so that only 99 lambs were included in the analysis. 
Major KAP I. 1 - KAPl.3 - KRTl.2 haplotypes observed at these loci were 
BBA (frequency of 43.4%; n = 43) and ADB (frequency of 44.4%; n = 44). Other 
minor haplotypes were: ADA (frequency of 4.0%; n = 4); BDA (frequency of2.0%; n 
= 2); BBB (frequency of3.0%; n = 3) and BDB (frequency of3.0%; n = 3) 
Stoneyhurst 
The genotypes of Stoney hurst at the KAPl.1, KAPl.3 and KRT I. 2 loci were 
BC, CJ and DE, respe~tively. Out of the 40 lambs genotyped at the KAPl.1, KAPl.3 
and KRTl.210ci, eight had the same genotype as both the sire and ewe at these loci, 
so that only 32 lambs could be statistically analysed. Major haplotypes observed at 
these loci were CCE (frequency of 53.1 %; n = 17) and BJD (frequency of 40.6%; n = 
13). There was also a minor haplotype BJE (frequency of 6.3%; n = 2). 
Ewe haplotypes of KAP1.1, KAP1.3 and KRT1.2 
The major KAPl.1, KAPl.3 and KRTl.2 ewe haplotypes for both MV144-58-
00 and Stoneyhurst progeny were BBA (20%); ADB (18%) and BAC (21 %). Two of 
these ewe major haplotypes (BBA and ADB) were the same as those of sire MV144-
58-00. 




Out ofthe 99 lambs that were analysed, 12 showed evidence of 
recombination (Figure 7.1), including two double recombinants, giving a total of 14 
recombinations (Table 7.1), and an overall recombination rate of 14.2%. 
There were nine recombinations between KAP 1.3 and KR Tl.2 (Table 7.1), 
giving a recombination rate of 9.1 % between the two loci. Five recombinations were 
observed between KAP 1. 1 and KAP1.3 (Table 7.1), giving a recombination rate of 
5.1 % between the loci. 
Stoneyhurst 
Out of the 40 lambs that were analysed, two had recombined between 
KAP1.3 and KRT1.2, giving a recombination rate of 6.3%. 
Association of the different haplotypes with wool traits 
The association ofthe MVI44-58-00 and Stoneyhurst major haplotypes with 
wool traits is shown in Table 7.2. 
MV144-58-00 
Progeny inheriting the KAP 1.1 A - KAP 1.3 D - KR Tl.2 B haplotype had an 
average yield of76.95 ± 3.13 % GFW, while the progeny that inherited the KAP 1. 1 
B - KAP1.3 B - KRT1.2 A haplotype had a yield of75.28 ± 3.30 % GFW (P = 
0.023). FDSD and staple strength showed strong trends at p months of age, while 
yellowness showed a strong trend at 36 months of age. The associations of alleles at 
the KAP 1.1 with staple length in year one and alleles at the KAP 1.1 and KAP 1.3 















r I KAP1.1 KAP1.3 KRT1.2 B allele B allele B allele 
KAP1.1 KAP1.3 KRT1.2 
-A allele D allele A allele 
Figure 7.1 An illustration of meiosis in MVI44-58-00, showing recombination 
between KAP1.3 and KRT1.2. 
Stoneyhurst 
~ 
The Stoneyhurst KAP1.1 B - KAP1.3 J - KRT1.2 D haplotype was 
significantly associated with staple length with progeny that inherited KAPI.I C -
KAPI.3 C - KRTI.2 E haplotype. Progeny inheriting KAPI.I B - KAPI.3 J -
KRT1.2 D haplotype had on average staple length of78.27 ± 4.29 mm, while the 
progeny that inherited the KAPI.I C - KAPI.3 C - KRTI.2 E haplotype had staple 
length of70.53 ± 8.60 mm (Table 7.2). 















































































KAP1.3 + KRT1.2 
KAP1.3 + KRT1.2 
KAP1.3 + KRT1.2 
KAP1.3 + KRT1.2 
KAP1.3 + KRT1.2 
KAP1.3 + KRT1.2 
KAP1.3 + KRT1.2 
KAP1.1 + KAP1.3 
KAPl.l + KAP1.3 
KAP1.1 + KAP1.3 
double crossover 
double crossover 
KAP1.3 + KRT1.2 
KAP1.3 + KRT1.2 
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Table 7.2 Comparison of wool that associations for progeny that inherited MV144-
58-00 and Stoneyhurst haplotypes, with wool trait associations observed with 
individual loci I. 
Traits2 (MV144-58-00) ADB n BBA n P-value 
hal!lotyl!e hal!lotyl!e 
Staple length 1 (mm) haplotype 86.02 ± 9.20 43 83.47 ± 9.04 43 0.197 
KAP1.1 86.06 ± 9.05 50 83.13 ± 9.06 52 0.080# 
KAP1.3 85.48 ± 9.93 63 83.44 ± 9.33 54 0.207 
KRT1.2 85.74 ± 9.44 58 83.18 ± 9.84 56 0.127 
Yield 2 haplotype 76.95±3.13 39 75.28 ± 3.30 40 0.023 
KAP1.1 76.91 ± 2.94 46 75.48 ± 3.23 50 0.037 
KAP1.3 76.63 ± 2.99 59 75.58 ± 3.34 52 0.091# 
KRT1.2 76.71 ±0.42 54 75.56 ± 0.43 53 0.057# 
Yield 3 haplotype 78.94 ± 4.17 10 76.46 ± 3.81 13 0.152 
. KAP1.1 79.13 ± 3.81 12 76.68 ± 3.41 17 0.078# 
KAP1.3 79.12 ± 3.91 17 76.65 ± 3.54 18 0.059# 
Yellowness 3 (Y -Z) haplotype -3.41 ± 0.62 10 -3.84 ± 0.41 13 0.059# 
KAP1.1 -3.46 ± 0.58 12 -3.78 ± 0.38 17 0.080# 
KAP1.3 -3.49 ± 0.59 17 -3.86 ± 0.43 18 0.045 
KRT1.2 -3.43 ± 0.62 15 -3.88 ± 0.40 18 0.019 
FDSD 1 (~m) haplotype 3.43 ± 0.55 44 3.65 ± 0.61 43 0.081# 
KAP1.3 3.45 ± 0.56 64 3.66 ± 0.61 56 0.055# 
KRT1.2 3.45 ±O.57 60 3.68 ± 0.61 56 0.040 
MSS 1 (N/ktex) haplotype 23.77 ± 9.93 43 20.40 ± 8.38 43 0.092# 
KRTl.2 23.95 ± 9.87 58 20.04 ± 8.07 56 0.025 
Curvature 3 (D/mm) haplotype 96.36 ± 6.93 44 97.45 ± 7.10 43 0.473 
KRTl.2 86.72 ± 10.36 15 92.15 ± 7.38 18 0.089# 
GFW 1 (kg) haplotype 3.20 ± 0.74 44 3.08 ± 0.54 43 0.396 
GFW 1 (kg) KRT1.2 3.29 ± 0.77 60 3.06 ± 0.56 56 0.069# 
Traits (Stoneyhurst) BID n CCE n P-value 
haplotype haplotype 
Staple length 1 (rum) haplotype 78.27 ±4.29 11 70.53 ± 8.60 17 0.010 
KAPl.1 78.15 ± 3.98 13 70.53 ± 8.60 17 0.018 
KAP1.3 77.20 ± 6.10 15 70.11 ± 8.53 18 0.017 
KRT1.2 77.15 ±6.56 13 70.85 ± 8.40 20 0.033 
Brightness 1 (Y) haplotype 69.12± 3.87 13 71.10 ± 2.42 17 0.096# 
KAPl.1 69.09 ± 3.68 15 71.10 ± 2.42 17 0.039 
KAP1.3 68.66±4.05 17 71.10 ± 2.35 18 0.010 
KRT1.2 68.63 ±4.25 15 70.88 ± 2.43 20 0.022 
I Each group mean is quoted along with its standard deviation, and pairs of means found to 
have significant differences are highlighted in bold. 
2FDSD: Fibre diameter standard deviation; MSS: mean staple strength; GFW: greasy fleece 
weight. # = 0.10 >P > 0.05 for difference ofthe means. 




In this study, both sires passed on two major KAP1.1 - KAP1.3 - KRT1.2 
haplotypes to their progeny. The two major haplotypes inherited from MVI44-58-00 
were BBA and ADB, and from Stoneyhurst were CCE and BJD. The presence of 
inheritable major haplotypes is consistent with the associations observed across all 
three loci. Associations observed for a single locus may therefore be spurious. The 
major KAP1.1, KAP1.3 and KRT1.2 ewe haplotypes for both MVI44-58-00 and 
Stoneyhurst progeny were BBA, ADB and BAC, two of which (BBA and ADB) were 
the same as those of sire MVI44-58-00, which is why some of his progeny could not 
be assigned a sire allele. 
In order to assess haplotype effects, a comparison was performed between 
wool traits from MVI44-58-00 progeny that inherited one major haplotype with 
progeny that inherited the other major haplotype from their sire. Haplotype was found 
to have a major effect on yield at 24 months of age (P = 0.023) and tended to be 
associated with mean yellowness at 36 months of age. At 36 months of age, the 
sample size was dramatically reduced, and so it is possible that the association with 
yield may have persisted if more progeny were available to measure. All other 
associations seen with individual loci became non-significant. The strong trend 
observed with alleles at the KAP1.1 with variation in staple length was probably 
manifested through staple length being correlated with yield. In this study, yield 
showed a low-moderate, positive correlation to staple length at 24 months of age (r = 
0.264, P = 0.003). At 36 months of age, the association was probably compromised 
by the halving of the sample size. 
It is tempting to speculate that variation in wool colour is affected by alleles at 
the three loci since strong trends and associations were observed with the three loci, as 
well as a strong trend with the haplotype analysis. Progeny that inherited the KAPl.l 
A - KAP1.3 D - KRT1.2 B haplotype had whiter wool. There are several possible 
explanations. It is possible that there is something unique about the KAP 1.1 A -
KAPl.3 D - KRTl.2 B haplotype, and that the protein(s) produced by the progeny 
having this haplotype could have prompted whiter wool development. It is also 
possible that the progeny with KAPl.l A - KAP1.3 D - KRT1.2 B haplotype could 
have had a higher ratio of secondary follicles to primary follicles than the progeny 
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inheriting other alleles. Primary follicles have large sebaceous glands and sweat 
glands which produce sweat and suint that increases the yellowing of wool. However, 
progeny having more secondary follicles would have less sweat secretions per wool 
fibre, resulting in cleaner wool colour. In Merino sheep, the difference in size between 
primary and secondary follicles and the number of secondary follicles has been 
increased enormously through selective breeding, resulting in fleeces of finer and 
more uniform fibre diameter (reviewed in Rogers, 2006). 
In the Stoneyhurst half-sib, staple length remained significantly associated 
with the KAP1.1 B - KAP1.3 J - KRT1.2 D haplotype, while brightness showed a 
strong trend with the KAP 1. 1 C - KAP1.3 C - KRT1.2 E haplotype. Fibre length is a 
very important characteristic as it determines the processing system on which wool 
will be spun, and consequently has a big influence on the final product qualities. 
However, staple length is also positively correlated with other traits. It has been 
reported that an excessive increase in staple length may be undesirable since an 
increase in staple length may result in the fleece becoming more open (Gregory, 
1982). Lewer et ai. (1995) reported that selection for whiter wool would lead to 
higher yield, finer, softer wool with better staple definition. These observations were 
supported in this thesis. Although the same alleles associated with yield appeared to 
have an effect on clean wool colour and staple length, it would be more efficient to 
select for improved colour while sufficiently increasing the staple length and yield. 
The results of this chapter are consistent with KAP1.1, KAP1.3 and KRT1.2 
genes being clustered .Qnthe same chromosome. This was evident from both sires in 
the study passing on two major haplotypes to their progeny, and because the 
associations of wool traits were very similar for all the three loci when analysed 
separately. For example, in MVl44-58-00 progeny, variation in yield at 24 months of 
age was associated to sire alleles at the KAP1.l, KAP1.3 and KRT1.2 genes. 
Similarly, variation in staple length and brightness was associated with segregating 
Stoneyhurst alleles at all the three loci. These findings support previous findings by 
Rogers et ai. (1994b) and McLaren et ai. (1997), which conclude that KAP1.1, 
KAPl.3 and KRTl.2 are tightly linked. Since recombination between tightly linked 
loci occurs at a very low frequency (or not at all), a frequency of 50% was expected 
for each of the KAP1.1-KAP1.3-KRT1.2 haplotypes inherited from the sires in each 
half-sib family. However, a few minor haplotypes were also observed, giving a 
recombination rate of 9.1 % between KAP 1.3 and KR Tl.2 and of 5.1 % between 
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KAP 1.1 and KAP 1.3 in MVI44-58-00 (Table 7.1). In Stoneyhurst, a recombination 
rate of6.3% was observed between KRT1.2 and KAP1.3. Although the recombination 
rate values are not error-free, because in each half-sib there were progeny which had 
the same genotype as both the sire and ewe, and these animals were excluded from 
statistical analysis, they suggest a high rate of recombination between the loci. In 
addition, it is impossible to detect double recombinants between two loci without 
markers between them. 
With reference to the male map of chromosome 11 (Figure 3.1) obtained 
from http://rubens.its.unimelb.edu.au/~ji1lmlji1l.htm, the order of KAP 1. 1 , KAP1.3 
and KRT1.2 is: 
0.9cM 2.3cM 
KAP1.1 ------------------ KAP1.3 -----------------. KRT1.2 
Therefore, KAP 1.1 and KAP1.3 recombine 0.9% of the time and KAP1.3 to 
KRT1.2 recombine 2.3% ofthe time. The female map distance puts all the three 
genes at the same locus and hence the location of the genes is questionable. Equally, 
the sex-averaged distances are probably misleading as three genes cannot be at the 
same locus. The disparity between the male and female maps suggests a number of 
possibilities. 1) the map of chromosome 11 (Figure 3.1) underestimates the map 
distance between the loci, 2) instability in that region 3) or that the typing method 
used to identify and type the loci did not detect all the possible polymorphism. The 
latter has been proven true, as more extensive polymorphism at the keratin loci has 
now been revealed in this thesis. However, suggestions 1 and 2 may also apply. 
The suggestion that the chromosome map underestimates the distance 
between the loci is not supported by Powell et al. (1983), who reported that KAPl.l 
and KAP1.4 are approximately 2.4 kb apart and it might therefore be assumed that 
KAP 1.1, KAP 1.2, KAP 1.3 and KAP 1.4 are very close to each other on chromosome 
11. Furthermore, Molloy et al. (1982) examin:ed homologous chick feather keratin 
genes and found evidence of a tandemly repeating cluster of five keratin genes (A-E) 
on the same chromosome, and suggested that the keratin genes evolved through a 
series of tandem duplications, an observation which supports the tight linkage of 
keratin genes. 
The results reported here supports the order and relative distance of the three 
loci on the chromosome map with nine recombinations being observed between 
KAPl.3 and KRTl.2, while five recombinations were observed between KAPl.l 
and KAP1.3, confirming that KAP1.3 and KRT1.2 are probably further apart, and 
that KAP1.1 and KAP1.3 are probably closer together, but given the apparently 
much higher level of recombination to that revealed by the map this could just be 
coincidental. 
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The results in this thesis therefore support that KAP 1.1, KAP 1. 3 and KR T 1.2 
are close together on chromosome 11 and, it is speculated that there is a relatively 
high rate of recombination between the three loci, resulting from recombination 
"hotspots" (sites in the genome of sexually reproducing organisms that exhibit 
elevated rates of meiotic recombination). 
Other eukaryotic loci have been reported to posses recombination "hotspots", 
including the major histocompatability complex (MHC) genes (Snoek et ai., 1998), 
human p-globin gene (Lebo et aI., 1983; Chakravarti et aI., 1984), human insulin 
gene (Lebo et aI., 1983) and human leukocyte antigen (HLA) region (Jeffreys et ai., 
2000). Recombination at the "hotspot" regions is believed to occur non-randomly 
and very quickly. However, the mechanism by which it occurs and what triggers it is 
still not well understood. A study by Mc Vean et al. (2004) speculated that the 
surrounding DNA code does not control the process of recombination and 
controlling factors are yet to be identified. In their study, McVean et ai. (2004) 
discovered that although chimps and humans are genetically similar (99%), the two 
species were found to have totally different recombination hotspots. More than 
25,000 recombination "hotspots" have been identified in the human genome (Myers 
et ai., 2005) and hum(!.uchromosome 17, which shares synteny with ovine 
chromosome 11 in the vicinity ofthe keratin loci has 9 recombination "hotspots" 
within 1 M (http://www.hapmap.org/cgi-ped/gbrowse/hapmap_B35/), suggesting 
that ovine chromosome 11 may posses recombination "hotspots". 
Unique sequences have been postulated to promote genetic recombination 
including the octamer chi sequence 5' GCTGGTGG3' in A, phage and E. coli (Smith 
et ai., 1981) and repeated T-G and C-G dinucleotides (Slightom et ai., 1980). Rogers 
(1994) reported that a number of chi-like sequences including 5' GCTGTGG3 " 
5'GCTGGGA3', 5'GCCCAGC3' and 5'CACCAGC3' occur in the KAPl.l and 
KAPl.3 genes. These sequences were only found outside the repeat region 
(conserved region of nucleotides that translates to a decapetide in HS KAP gene 
families) and several are near the postulated regions of gene conversion suggesting 
that they may define recombination "hotspots" (Rogers, 1994). In this study, the 
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sequences 5'GCTGTGG3', and CACCAGC3' were found in all the alleles of the 
KAPl.1 gene (Figure 3.6). The sequences 5'GCTGTGG3', 5'GCTGGGA3', 
5'GCCCAGC3'and 5'CACCAGC3' were found in all the alleles of the KAPl.3 
gene (Figure 3.9). The chi sequence 5' GCTGGTGG3' is present at positions 3187-
3194 ofthe published KRTl.2 gene (GenBank: accession number M23912), while 
the KRT1.2 alleles identified in this study were found to posses a 5' GCTGTGG3 ' 
sequence at position 141-147, and a 5' GCCCAGC3' sequence at positions 38-44 and 
420-426 (Figure 3.l2). 
It is not clear why keratin genes would possess recombination "hotspots". 
Rogers et al. (1994b) reported evidence of gene conversion in the HS KAPl.n 
multigene family. Gene conversion is considered an error of recombination which 
results in the non-reCiprocal transfer of DNA to a homologous region (Maeda and 
Smithies, 1986; Ohta, 1983). "Blocks of DNA" were found in the KAPl.3 sequences 
suggesting that rather than single-nucleotide polymorphism occurring, a "block" of 
DNA has been transferred or "converted" at some stage in the evolutionary past of the 
alleles of the KAP 1.3 gene. Variants of the KAP 1.1 gene have nucleotide sequences 
encoding three, four or five decapeptide repeats (Rogers et ai., 1994b). Moreover, 
Rogers et al. (1994b) speculated that the inserted/deleted nucleotides in the KAPl.l 
gene may have arisen through short gene conversion events. According to Rogers et 
ai. (1 994b), the KAPl.l variant (with a deleted decapeptide and having three repeat 
sequences), may have been derived from the KAP1.2 gene, and the KAP 1. 1 variant 
(with an inserted decapeptide, having five repeat sequences) may have been derived 
from the KAP 1.4 gene. This remains to be confirmed. 
In summary, there appears to be a mechanism that "drives" the creation of 
polymorphism in wool keratin genes. The genes on chromosome 11 appear to have a 
high rate of recombination at "hotspots". A high recombination rate among loci that 
affect wool means that breeding for consistent wool quality may be very difficult. For 
more than 8000 years now, selective breeding has been practiced to improve wool 
traits and reduce the variation in them. Although progress has been made within the 
wool industry through selection pressure, there is still a considerable variation 
observed among breeds, between flocks within a breed, between sheep within a flock, 
within single fleeces and between individual staples. For example, the MFD of 
MVI44-58-00 was 16 )lm. However, the MFD of his progeny varied from 14.9 - 20.1 
)lm at 12 months of shearing, and a considerable number of progeny had MFD of 
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more than 20llm at 24 months of shearing. The development of genetic markers 
linked to wool quality traits may therefore be very important to aid with breeding for 
consistent wool quality. 
Further studies to provide more conclusive evidence of a recombination 
"hotspot" between KAP1.1, KAP1.3 and KRT1.2 loci are required, by genotyping 
other half-sib families at these three loci and analysing recombination frequency. It is 
also recommended that the three genes are sequenced in future studies, and searched 
for the presence of unique sequences that have been postulated to promote genetic 
recombination, such as the octamer chi sequence 5' GCTGGTGG 3 'reported in ').." 
phage and E. coli (Smith et al., 1981), and the repeated T -G and C-G dinucleotides 
(Slightom et aI., 1980). 
Chapter 8 
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Association of variation at the 
ADRB3 locus and wool quality traits 
8.1 Introduction 
Many factors affect the quantity and quality of wool produced. While it is easier 
to understand how KRT and KAP genes might impact on wool production, it is 
important not to limit studies to such genes. It is well documented that nutrient 
supply, season, pregnancy and lactation all affect wool production. The latter place 
increased energy demands on the individual sheep and efficient energy partitioning is 
crucial to maximise production. 
The skin and its underling adipose tissue have complex metabolic and endocrine 
activities (Grando, 1993). The skin is the target of many neuroendocrine signals 
including catecholamines, which have been found to mediate the expression of growth 
hormone, prolactin and other factors via adrenergic receptors (Slominski and 
Wortsman,2000). Recently, variation in the ovine ADRB3 has been associated with 
meat quality, lamb growth and survival in Merino sheep (Forrest et al., 2003; Forrest 
et al., 2006), confirming its role in energy partitioning and energy balance. 
The sequence of the ADRB3 has been determined in several species, including 
human (Emorine et al., 1989), mouse (Nahmias, et al., 1991), rat (Granneman et al., 
1992), cattle (Pietri-Rouxel et al., 1995; Forrest and Hickford, 2000), goats (Forrest 
and Hickford, 2000) and sheep (Forrest and Hickford, 2000). 
Six alleles of the ovine ADRB3 gene, named A-F (OenBank accession 
numbers AF314200 to AF314205), respectively have been reported (Forrest et al., 
2003). Two more alleles ofthe ADRB3 gene (G and H) have been recently 
published (Forrest et al., 2006, GenBank accession numbers DQ267939 and 
DQ269497, respectively). Variation in the ovine ADRB3 gene occurs in both the 
coding and non-coding regions, although most of the sequence variation occurs in 
the non-coding regions (Forrest et al., 2003). 
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Given that the ADRB3 is involved in energy partitioning, and that it appears to 
playa major role in energy balance, it was hypothesised that variation within this 
gene may impact on wool production. 
8.2 Materials and methods 
For animals used in this study, refer to Chapter Two. For all the genotyping 




The genotype ofMVI44-58-00 at the ADRB3 locus was CEo Forty-five 
progeny had the genotype CE, which was the same as that ofthe sire. The ewes of 
these lambs were subsequently genotyped, and 11 of the ewes had the same genotype 
as the ram again. These lambs were excluded from further statistical analysis. The 
genotype of two of the ewes could not be obtained, and these lambs were also 
excluded from the study. 
Stoneyhurst 
The genotype of Stoneyhurst at the ADRB3 locus was also CEo Fourteen 
progeny had the genotype CE, which was the same as that of the sire. The genotype of 
the ewes for these progeny was subsequently determined, and three ofthe ewes had 
the same genotype as the ram again. These lambs, together with two other lambs 
whose ewe's genotype could not be obtained, were excluded from further statistical 
analysis. 
Association between segregating sire alleles and wool traits 
The sire alleles at the ADRB3 locus showed a Mendelian pattern of 
inheritance and segregated in a 1: 1 ratio in the progeny of each half sib (Appendix I). 
MV144-58-00 
The associations ofMV144-58-00 ADRB3 alleles inherited by progeny 
groups with wool traits are listed in Appendix K. 
128 
The inheritance of a particular sire allele at the ADRB3 locus was associated 
with variation in staple strength at 24 months of age (P = 0.025). The staple strength 
of the animals that inherited the C allele from their sire was 36.98 ± 10.21 Nlktex, 
while those animals that inherited the E allele from their sire had a staple strength of 
32.72 ± 11.13 Nlktex (Appendix K). 
The inheritance of the sire ADRB3 E allele showed a strong trend towards 
whiter wool colour at 36 months of age (P = 0.093). The mean yellowness of the 
wool from progeny that inherited the E allele from their sire was -3.90 ± 0.50, while 
the mean yellowness ofthe wool from progeny that inherited the C allele from their 
sire was -3.54 ± 0.54. 
Stoneyhurst 
The two ADRB3 alleles were associated with variation in yield (P = 0.023). 
The total amount of yield from animals that inherited a C allele from their sire was 
70.91 ± 4.52 % GFW, while the yield of those progeny that inherited an E allele 
from their sire was 72.96 ± 3.60 % GFW. 
Power analyses 
As for the KAP1.1, KAP1.3 and KRT1.2 loci a power analysis (see 
Section 4.3) was performed for the ADRB3 data. 
The sample size required to detect at least a 10% difference between 
ADRB3 sire allele groups for each half-sib family is shown in Table 8.1. In year 
one (n = 118) there were probably inadequate MV144-58-00 progeny numbers to 
detect a 10% difference between sire allele groups for CFW, prickle factor, GFW, 
staple strength, yellowness; in year two (n = 109) there were probably inadequate 
progeny numbers for CVD, prickle factor, FDSD, and staple strength (CFW, 
GFW and yellowness was not measured in year two); and in year three (n = 33) 
there were probably inadequate progeny numbers for CVD, prickle factor, 
FDSD, staple length, staple strength, and yellowness (CFW and GFW were not 
measured). 
Wool trait measurements were only taken at 12 months for the 
Stoneyhurst half-sib family. There were probably inadequate Stoneyhurst 
progeny numbers (n=28) to detect a 10% difference between sire allele groups for 
curvature, CVD, FDSD, prickle factor, staple strength, staple length and 
yellowness (CFW and GFW were not measured). 
A comparison of the smallest detectable difference between sire-allele 
groups with the progeny numbers used with the observed difference between the 
sire-allele groups is shown in Table 8.2. 
8.4 Discussion 
129 
There have been a number of studies investigating the affects of 
cathecholamines on wool growth. The addition of the catecholamines, adrenaline and 
noradrealine to cultured sheep skin resulted in reduced DNA synthesis, while 
intradermal injections of these two compounds into live animals significantly lowered 
the rate of cell division in the wool follicles and hence influenced wool growth 
(Scobie et ai., 1994). Thomas et ai. (1994) also investigated the influence ofthe 
catecholamines on wool growth and found that the intravenous infusion of 
noradrenaline totally suppressed plasma growth hormone concentrations. The reduced 
plasma concentration was abated with the addition of the ~-adrenergic antagonist 
propranolol, indicating the adrenergic control of growth hormone secretion. 
The potential influence of growth hormone on wool characteristics has been 
studied previously. In 1954, Ferguson showed that injections of growth hormone 
extracted from Ox increased wool growth for a prolonged period in Romney Marsh, 
Lincoln and Suffolk sheep when compared to the growth of wool from control 
animals (Ferguson, 1954). However, subsequent research by Wynn and et ai. (1988) 
have shown a 20% decrease in wool growth after daily administration of 10 mg of 
highly pure ovine growth hormone (Wynn et ai., 1988). There is also evidence that 
the influence of growth hormone on wool growth appears to be breed specific (Adams 
et ai., 2002). Almost all wool characteristics measured in this study differed 
significantly in transgenic Merino and Poll Dorset sheep expressing transgenic growth 
hormone when compared to control animals. For example, the transgenic Merino 
animals produced higher CFW and yield than the transgenic Poll Dorset animals, 
which produced less CFW and yield. This study also implicated the adrenergic 
system in the regulation of growth hormone secretion in sheep. 
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Previous work has suggested that growth hormone in ruminants has its primary 
effect on energy metabolism, where it decreases lipogenesis by reducing the capacity 
of adipose tissue to respond to insulin (Dunshea et at., 1995). Much of the previous 
work on the involvement of the adrenergic pathway in hair growth has focussed on 
the ADRB2 expression in mice (Peters et al., 1999) with very little work completed 
on the effects of the ADRBI and ADRB3 systems. 
Polymorphism at the ADRB3 locus has been previously associated with meat 
quality (Forrest et al., 2003) and lamb survival (Forrest et al., 2003; Forrest et al., 
2006). The ADRB3 allele E was significantly associated with cold survival, while the 
D allele was associated with lamb mortality. Given the polymorphic nature of the 
ADRB3 gene and the involvement of the adrenergic pathways in hair and wool 
growth, the ADRB3 gene was considered a suitable candidate gene as a gene-marker 
associated with wool quality traits. 
In this study, only six alleles (A-F) for the ADRB3 gene were observed in the 
MV144-58-00 and Stoneyhurst progeny. The inheritance of the two sire alleles (C 
and E for both sires) gave significant differences for wool traits despite the fact that 
the two alleles encode identical putative polypeptides. The introns of the two alleles 
are however different, and introns are important for both mRNA stability and level 
of expression (Fouser and Friesen, 1986). It is possible that the difference in the 
introns of the two alleles could impact on the level of expression, resulting in 
different affects by the alleles. Most of the sequence variation in the ovine ADRB3 
gene occurs in the non-coding regions (Forrest et al., 2003). Granneman et al. (1992) 
reported that in rats, the ADRB3 gene contain sequences that are homologous to 
those that bind transcription factors involved in tissue-spe~ific expression. Two 
isoforms ofthe mouse ADRB3 gene which were differentially expressed in tissues, 
because of alternative splicing were found by Evans et al. (1999). There is a 
possibility that this may also occur in sheep, and variation within the non-coding 
regions ofthe ovine ADRB3 gene may affect the expression and distribution of the 
putative receptor. 
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Table 8.1 Sample size required to detect at least a 10% difference between ADRB3 
sire allele groups in the wool traits list for each sire-line, at P<0.05 with 80% power. 
Trait n per allele to N lambs required Sire-line n lambs Traie average2 EMS
3 detect at least a to detect a 10% 
10% difference difference 
MV 144-58-00 118 Prickle factor 1 3.79 6.19 690 1380 
118 MFD 1 16.91 0.91 5 10 
118 FDSD 1 3.53 0.34 44 88 
118 CVD 1 21.34 5.61 20 40 
118 Curvature 1 96.28 47.32 8 16 
118 Yield 1 76.09 8.42 2 4 
118 Staple length 1 84.57 98.05 22 44 
118 Staple strength 1 22.05 66.33 218 436 
118 Brightness 1 68.79 72.26 24 48 
118 Yellowness 1 -2.69 0.51 113 226 
118 GFW1 3.21 0.45 70 140 
118 CFW1 2.42 0.35 96 192 
109 MFD2 18.23 2.41 12 24 
109 Yield 2 76.22 9.65 3 6 
109 Staple length 2 81.45 86.73 21 42 
109 Staple strength 2 34.91 113.75 149 298 
109 FDSD2 3.99 1.58 159 318 
109 CVD2 21.67 31.81 108 217 
109 Prickle factor 2 1.61 3.56 2195 4390 
33 MFD3 17.52 1.16 6 12 
33 Yield 3 77.92 15.15 4 8 
33 Staple length 3 85.64 96.20 21 42 
33 Staple strength 3 37.70 96.23 108 216 
33 FDSD3 3.22 0.14 21 42 
33 CVD3 18.42 4.93 23 46 
33 Prickle factor 3 0.66 0.14 506 1012 
33 Brightness 3 71.14 3.91 1 2 
.. 
33 Yellowness 3 -3.64 0.28 34 68 
33 Curvature 3 89.52 83.39 17 34 
Stoneyhurst 28 Prickle factor 1 1.33 0.81 731 1462 
28 MFD1 18.99 1.37 6 12 
28 FDSD 1 3.80 0.31 35 70 
28 CVD1 20.10 8.51 34 68 
28 Curvature 1 94.17 90.02 16 32 
28 Yield 1 71.86 13.69 4 8 
28 Staple length 1 74.12 75.43 22 44 
28 Staple strength 1 31.15 86.37 142 284 
28 Brightness 1 70.01 15.28 5 10 
28 Yellowness 1 -2.80 0.26 53 106 
IMFD: mean fibre diameter; FDSD: fibre diameter standard deviation; CVD: coefficient of 
variation of fibre diameter; GFW: greasy fleece weight; CFW: clean fleece weight. 2 Across 
all progeny measured. 3Error Mean Square-taken from the ANOV A for each individual trait. 
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Table 8.2 A comparison of the smallest detectable difference between ADRB3 sire-
allele groups with the progeny numbers used and the observed difference between the 
sire-allele groups means for each wool trait measured. 
Age Trait Smallest Difference Sire-line Nlambs Trait} detectable observed between (months) average2 difference (%)3 alleles (%) 
MV 144-58-00 118 12 Prickle factor 16.91 34.2 11.7 
118 12 MFD 3.53 2.9 0.6 
118 12 FDSD 21.34 8.6 0.1 
118 12 CVD 96.28 5.8 0.1 
118 12 Curvature 76.09 3.7 1.7 
118 12 Yield 84.57 2 0.9 
118 12 Staple length 22.05 6.1 1.7 
118 12 Staple strength 68.79 19.2 3.6 
118 12 Brightness -2.69 6.4 1.5 
118 12 Yellowness 3.21 13.8 1.2 
118 12 GFW 2.42 10.9 0.1 
118 12 CFW 18.23 12.8 3 
109 24 MFD 76.22 4.6 0.4 
109 24 Yield 81.45 2.2 0.5 
109 24 Staple length 34.91 6.2 0.1 
109 24 Staple strength 3.99 16.6 12.3 
109 24 FDSD 21.67 17.1 2.7 
109 24 CVD 1.61 14.1 2.5 
109 24 Prickle factor 17.52 63.5 12 
33 36 MFD 77.92 6 2.8 
33 36 Yield 85.64 4.9 1.5 
33 36 Staple length 37.70 11.3 6 
33 36 Staple strength 3.22 25.6 9 
33 36 FDSD 18.42 11.4 0.8 
33 36 CVD 0.66 11.9 1.1 
33 36 Prickle factor 71.14 55.4 8.9 
33 36 Brightness -3.64 2.7 0.6 
33 36 Yellowness 89.52 14.3 9.8 
33 36 Curvature 16.91 10 3.6 
Stoneyhurst 28 12 Prickle factor 1.33 72.3 13.4 
28 12 MFD 18.99 6.6 1.4 
28 12 FDSD 3.80 15.7 3.1 
28 12 CVD 20.10 15.5 1.9 
28 12 Curvature 94.17 10.8 0.4 
28 12 Yield 71.86 5.5 2.9 
28 12 Staple length 74.12 12.5 2.2 
28 12 Staple strength 31.15 31.9 20.2 
28 12 Brightness 70.01 6 0.7 
28 12 Yellowness -2.80 19.5 9.7 
IMFD: mean fibre diameter; FDSD: fibre diameter standard deviation; CVD: coefficient of 
variation of fibre diameter; GFW: greasy fleece weight; CFW: clean fleece weight. 2 Across 
all progeny measured. 3 At 80%. Bolded traits were significant. 
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The inheritance of the MVI44-58-00 ADRB3 allele C was associated with 
increased staple strength at 24 months of age (P = 0.025). Although the association 
was not observed at 12 and 36 months of age, power analyses showed that the 
sample size required to detect at least a 10% difference between ADRB3 sire allele 
groups was much higher than the actual sample size. Therefore, there is a possibility 
that the observed lack of association ofthe ADRB3 sire alleles with staple strength at 
12 and 36 months of age could be contributed to small sample size used. It is of 
interest that variation in staple strength was associated with KRT1.2 alleles at 12 
months of age, and not at 24 or 36 months of age (discussed in Chapter Six). Rogers 
(1994) showed that wool staple strength is profoundly affected by environmental 
factors as well as heritable components. Therefore, environmental factors, such as 
feed supply and stress (due to infections or extreme temperatures) may have affected 
wool staple strength in this study. Evidence of a QTL for wool strength on 
chromosome 11 was reported in Romney sheep (Rogers et at., 1994a). The ADRB3 
gene has not yet been located to a specific sheep chromosome. 
The group of progeny that inherited the MV144-58-00 ADRB3 allele E tended to 
produce wool that was whiter in colour at 36 months of age. Interestingly, ADRB3 
allele E was previously associated with cold survival in a study by Forrest et at. 
(2006). This is important because selection for either lamb survival, or whiter wool 
colour could indirectly allow the selection of the other trait. In addition, wool 
produced each year on any farm is more dependent on the total number of lambs 
surviving to weaning than upon individual performance (Sidwell et at., 1962). The 
difference in wool colour observed in this study with MV144-58-00 ADRB3 alleles, 
although statistically significant, probably does not have any commercial significance. 
The colour effect of -3.90 ± 0.50 Y-Z for the progeny inheriting the ADRB3 allele E 
versus -3.54 ± 0.54 Y-Z for the progeny inheriting the ADRB3 C is small. 
This study only investigated two alleles of the published eight ADRB3 alleles. 
The results were therefore limited, and although there is a possibility that the observed 
associations within the half-sibs could have occurred due to chance events, these 
preliminary results suggest that variation at the ADRB3 gene may assist in the genetic 
selection of animals with increased yield and/or stronger staples. 
Chapter 9 Analysis of the KAP 8 and wool 
traits in the Stoneyhurst half-sib 
9.1 Introduction 
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KAP8 belongs to the HGT protein family that also includes KAP6 and KAP7. 
Dopheide (1973) determined the amino acid sequences ofKAP8 and Kuczek and 
Rogers (1985) sequenced KAP7 and KAP8, and observed a microsatellite (CA)17 
repeat stretch of repeats in the 5' flanking region about 400bp upstream from the cap 
site (GenBank accession number X05639). Microsatellite markers tend to be more 
informative than genes and this increases the likelihood of finding associations with 
wool quality traits. 
Wood et al., (1992) identified eleven alleles at this locus in a group of 33 
unrelated sheep from various breeds, including Romney, Coopworth, Inverdale and 
Perendale using size polymorphism on denaturing polyacrylamide gels. The allele 
sizes of the (CA) repeat amplified segment were 152, 153, 154, 156, 165, 167, 169, 
170, 171, 174 and 175 bp. Alleles 169 and 167 had the highest frequency, of21 % and 
15%, respectively, while alleles 156 and 174 had the lowest frequency of 1 % each. 
The same study by Wood et al. (1992) mapped KAP8 to ovine chromosome 1 by 
somatic cell hybridisation The mapping position on chromosome 1 is approximately 
145.3 cM (Figure 2.2 and http://www.thearkdb.org). Other genes that have been 
mapped in this region include the genes encoding the trichohyalin protein, 
Immunoglobulin superfamily 9 and KAP 11.1. Trichohyaliti is a very important wool 
follicle protein, which is encoded by a single gene (McLaren et al., 1997). There is 
strong evidence to suggest that trichyalin is a keratin-binding protein (O'Keefe et al., 
1993). 
Parsons et al. (1994a) detected four allelic fragments of 123, 125, 133 and 139 
bp at the KAP8locus in Medium Peppin Merino flock using the same method as 
Wood et al., (1992). Therefore, it appears that 15 alleles have been identified at the 
KAP8 micro satellite locus to date. 
135 
The HGT proteins are the smallest of the hair keratins with MW between 6-9 
kDa (Powell and Rogers, 1994), and they are rich in the amino acid residues Gly, Ser, 
Phe and Tyr. Sheep HGT proteins are deficient in Lys, His, Glu, Ala, lIe and have no 
Met (Kuczek and Rogers, 1985). The HGT proteins (KAP6, 7 and 8) possess the most 
significant variation in abundance in wool fibres (Marshall et at., 1991). The levels of 
HGT keratins vary both within and between species ranging from 1 % in Lincoln 
wool, 4-12% in Merino wool, 18% in mouse hair to more than 30% in echidna quill 
(Frenkel et at., 1974; Gillespie, 1990). 
Parsons et at. (1993) has previously reported a diallelic polymorphism at the 
KAP610cus using BamHI PCR-RFLP to give alleles designated Al (24.5 kb) and A2 
(14.1 kb). One of the two KAP6 alleles, which were now designated as A or B, was 
significantly associated with variation in MFD in one of eight half-sib sire groups 
tested of Medium Peppin Merino flock (Parsons et at., 1994a). The same study also 
found linkage between KAP8 and MFD (P = 0.003), but KAP6 showed the most 
highly significant association (P = 0.0002). The mean difference in fibre diameter 
between the two allelic progeny groups at the KRTAP6 and KRTAP810ci was 3.76 
~m and 2.53 ~m, respectively. 
Beh et at. (2001) reported evidence for a QTL affecting MFD in medium wool 
Merino breed to be on chromosome 1, indicating that the HGT genes on chromosome 
1, or closely linked loci could affect variation in MFD in sheep. 
Given that HGT keratin proteins vary considerably in abundance in wool fibres, 
polymorphism at the KAPRlocus has the potential to be associated with variation in 
economically important wool traits, making this gene one of the suitable candidates in 
studies that aim at identifying genetic markers that are linked to wool quality traits. 
9.2 Materials and methods 
For animals used in this study, refer to Chapter Two. For all the genotyping 




MV144-58-00 was homozygous at this locus based on SSCP gel patterns, and 
hence uninformative. Stoneyhurst was heterozygous at the KAP8 locus, having the 
genotype AB. Ten out of 34 progeny had the genotype AB (Appendix D3), which was 
the same as that of the sire. The genotype of the ewes for these lambs was 
subsequently determined. Five ofthe ewes genotyped as AB, and the progeny of these 
ewes were excluded from further statistical analysis as the allelic contribution from 
the sire could not be determined. 
Association between segregating sire alleles and wool traits 
The sire alleles at the KAP8 locus showed a Mendelian pattern of inheritance 
and segregated in a 1: 1 ratio in the progeny of each half sib (Appendix I). 
Statistical analyses within sire Stoneyhurst half-sib family showed that there 
were no association between the sire alleles (or gender) and variation of wool traits. 
Power analyses 
As for the other informative loci a power analysis (see Section 4.3) was 
perfonned for the KAP8 data. 
Wool trait measurements were only taken at 12 months for the 
Stoneyhurst half-sib family. There were inadequate Stoneyhurst progeny numbers 
(n=29) to detect a 10% difference between sire allele groups for yield, curvature, 
CVD, FDSD, staple length, brightness and yellowness (CFW and GFW were not 
measured). 
A comparison of the smallest detectable difference between sire-allele 
groups with the progeny numbers used with the observed difference between the 
sire-allele groups is shown in Table 9.1. 
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Table 9.1 Sample size required to detect at least a 10% difference between KAP8 sire 
allele groups in the wool traits list for each sire-line, at P<0.05 with 80% power. 
Trait N per allele to detect N lambs required Sire-line Nlambs Traie average2 EMS
3 
at least a 10% to detect a 10% 
difference difference 
Stoneyhurst 29 Prickle factor 1.61 1.75 1080 2159 
29 MFD 19.07 10.57 46 93 
29 FDSD 3.89 67.23 7103 14207 
29 CVD 20.46 91.34 349 698 
29 Curvature 94.58 0.45 0 0 
29 Yield 71.84 9.79 3 6 
29 Staple length 73.33 2.04 1 1 
29 Staple strength 31.30 12.58 21 41 
29 Brightness 69.92 0.27 0 0 
29 Yellowness -2.83 135.71 27195 54389 
IMFD: mean fibre diameter; FDSD: fibre diameter standard deviation; CVD: coefficient of variation of 
fibre diameter; GFW: greasy fleece weight; CFW: clean fleece weight. 2 Across all progeny measured. 
3Error Mean Square-taken from the ANOV A for each individual trait. 
Table 9.2 A comparison of the smallest detectable difference between KAP8 sire-allele 
groups with the progeny numbers used and the observed difference between the sire-allele 
groups means for each wool trait measured. 
Age Trait Smallest Difference Sire-line Nlambs Traie detectable observed between (months) average2 difference (%)3 alleles (%) 
Stoneyhurst 29 12 Prickle factor 1.77 86.3 29.5 
29 12 MFD 19.21 17.9 3.2 
29 12 FDSD 3.91 221.3 1.9 
29 12 CVD 20.45 49.1 -0.4 
29 12 Curvature 97.04 0.7 6.4 
29 12 Yield 72.69 4.6 1.1 
29 12 Staple length 33.56 2.0 4.3 
29 12 Staple strength 69.06 11.9 22.6 
29 12 Brightness -2.97 0.8 -2.1 
29 12 Yellowness 72.60 -433.1 7.1 
IMFD: mean fibre diameter; FDSD: fibre diameter standard deviation; CVD: coefficient of 
variation of fibre diameter. 2 Across all progeny measured. 3 At80%. Bolded traits were significant. 
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9.4 Discussion 
The microsatellite at the KAP8 locus was included in the study because this region is 
highly polymorphic, with 15 alleles previously reported (Wood et at., 1992). Only 
Stoneyhurst was heterozygous at the KAP8 micro satellite. MV144-58-00 was 
homozygous, despite the reported highly polymorphism in this locus (Wood et at., 1992). 
The method used to detect polymorphism in this study differed to that of (Wood et at., 
1992), which used denaturing polyacrylamide gel electrophoresis. In this study, PCR-
SSCP was used because this technique is simple, sensitive, relatively inexpensive and 
routinely used in the laboratory where the research was carried out. It is possible that if the 
original technique was employed, more alleles may have been observed at this locus. 
Neither of the Stoneyhurst alleles were associated with variation in the wool traits 
that were measured (Appendix K). The possibility ofthis locus having an affect on wool 
traits can not be ruled out however, because the sample numbers used in the study were 
relatively small (n = 29). Power analysis results (Table 9.2) showed that the observed 
differences between the sire allele groups were smaller than the smallest detectable 
difference for MFD, FDSD, CVD, curvature, yield, staple length, brightness and 
. yellowness and therefore the possibility of making a Type II error (i.e. not detecting an 
association when there was one) is likely. Variation in MFD has previously been 
significantly associated with alleles at the KAP8 locus (Parson et at., 1994a). The authors 
did not describe the alleles associated, and no sequence data was presented. In this study, 
alleles at the KAP8 micro satellite locus were not sequenced due to time constraints. It is 
possible that Stoneyhufst's alleles were different from those associated with differences in 
average MFD by Parsons et at., (1994a). 
It is of interest that length polymorphism due to a change in the number of repeat 
sequences (similar to KAP1.1 length variation discussed in Chapter Three) has also been 
reported in trichohyalin (Fietz et at., 1993). Trichohyalin is a very important wool follicle 
protein, and it maps on ovine chromosome 1 (McLaren et at., 1997), about 20cM away 
from genes encoding the HOT KAPs. Trichohyalin, along with other loci that map on the 
same chromosome as KAP8, including KAP7 and KAP11.1, are worthy of investigating in 
the future as potential gene markers for wool quality traits. 
Chapter 10 General discussion and future 
direction 
This thesis investigated whether genetic variation at the selected loci of interest, 
including genes that code for the KRTs and KAPs, two microsatellites (BfMS and 
OarFCB193) and the ADRB3 gene, impact on wool quality. 
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Two half-sib families were created. The first half-sib was produced by mating a 
Merino ram (MV144-58-00) to 150 ewes, resulting in 131 lambs. The second half-sib 
family was created by mating the two-tooth ewes born to sire MV144-58-00 from the first 
half-sib, to a half-bred sire (Stoneyhurst), resulting in forty-three lambs. The MV144-58-00 
progeny were shorn at 12,24 and 36 months of age, while Stoneyhurst progeny were only 
shorn at 12 months of age. As the animals were managed in an industry-typical fashion and 
therefore culled each year, by year three the sample size was small. 
Wool samples were collected from the mid-side region of each animal and wool 
quality attributes were measured. Phenotypic correlations between wool traits were 
calculated, and the associations of segregating sire alleles with wool traits was statistically 
analysed. 
Seven ofthe loci investigated (KAPl.1, KAPl.3, KRTl.2, ADRB3, KAP8, 
KAP3.2 and BfMS) were found to be polymorphic, and four of the loci (KAPl.1, KAPl.3, 
KRTl.2 and ADRB3) were heterozygous for sires MV144-58-00 and Stoneyhurst, and 
thus potentially informative as genetic markers. KAP8 was heterozygous in Stoneyhurst, 
but homozygous in MV144-58-00. Both MVI44-58-00 and Stoneyhurst were homozygous 
for BfMS and this microsatellite was therefore uninformative. No PCR-SSCP conditions 
could be established to differentiate alleles for the microsatellite OarFCB 193. 
PCR-agarose gel electrophoresis revealed three alleles at the KAP1.110cus, named 
A, Band C, while sequencing revealed a fourth KAP 1.1 allele. The amplified length 
polymorphism does not seem to differentiate between all ofthe alleles at the KAPl.I 
gene in sheep, and a new typing method such as the PCR-SSCP that allows the 
differentiation of more alleles would need to be developed. Statistical analyses within sire 
MV144-58-00 half-sib family showed that alleles at KAP 1.1 were associated with 
variation in staple length, yield and yellowness. In Stoneyhurst half-sib, alleles at the 
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KAP 1.1 gene were associated with variation in staple length and brightness. However, the 
associations in MV144-58-00 half-sib were not observed in all of the three years, 
suggesting that either, culling resulted in insufficient animal numbers to see statistical 
significance, or there are differences in the protein composition of wool from older sheep 
compared to lambs. There may also be effects on wool traits that act in an age-dependant 
manner. Accordingly, further study is needed to confirm the associations of alleles at the 
KAPl.1 locus with variation in the wool traits. 
PCR-SSCP revealed ten alleles at the KAP1.3 gene (named A- J) in this study. The 
KAP1.3 B allele (GenBank accession number A Y835590) sequence identified in this 
study shared 100% homology with the KAP1.3 gene reported by Powell et al. (1983) 
(GenBank accession number X02925), and the 't allele reported by Rogers et al. (1994b). 
In total, 15 KAP 1.3 alleles have so far been reported in the Merino and Romney breeds. 
Statistical analyses within MV144-58-00 and Stoneyhurst half-sib families showed that 
alleles at KAP1.3 were associated with variation in staple length, yield and yellowness in 
an almost identical fashion to the association observed at the KAP 1.1 locus. Again, 
further study is needed to confirm the associations of alleles at the KAP 1.3 locus with 
variation in the wool traits. 
Six alleles (designated A-F) were identified at the KRT1.2 locus. This is the first 
report of variation in the nucleotide sequence of the KRT1.2 gene. Although Rogers et al. 
(1993) has reported a diallelic polymorphism at the KRT1.2 locus using MspI restriction 
digestion, no sequence data was presented. Sires alleles at the KRT1.2 were associated 
with a number of wooltr~its. In MV144-58-00 half-sib, the KR T1.2 B allele was 
associated with increased yield, whiter wool, smaller FDSD, stronger staple strength, and 
increased GFW when compared to the A allele. 
Four alleles, designated A, B, C and D were identified at the KAP8 locus using PCR-
SSCP. These were not sequenced because of time constraints. MV144-58-00 appeared 
homozygous at the KAP8 locus, and therefore uninformative. Stoneyhurst was 
heterozygous thus informative. None ofthe wool traits measured showed an association 
with the KAP8 alleles inherited from the sire. 
A large amount of genetic variation was revealed at the keratin gene loci, despite the 
fact that only two sire lines of Merino origin were studied. Other sheep breeds are likely 
to reveal even greater allelic variation. The occurrence of large amount of variation within 
the keratin genes suggests that these genes playa vital role in wool fibre development and 
as the ability to understand such diversity increases, this would in itself facilitate 
breeding for more consistent quality wool. 
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The ADRB3 was included in the study because it is known to be involved in energy 
partitioning. The associations of alleles at the ADRB3 gene with staple strength in 
MV144-58-00 progeny and yield in Stoneyhurst progeny, and strong trend with 
yellowness in MV144-58-00 progeny indicates that this gene may have an impact on 
wool traits. This is the first report showing an association of the ADRB3 with variation in 
wool traits. 
In this study, both sires passed on two major KAPl.1 - KAPl.3 - KRTl.2 
haplotypes to their progeny. The two major haplotypes inherited from MV144-58-00 were 
BBA (frequency of 43.4%; n = 43) and ADB (frequency of 44.4%; n = 44), and from 
Stoneyhurst were CCE (frequency of 53.1 %; n = 17) and BJD (frequency of 40.6%; n = 
13). In order to account for haplotype effects, a comparison was performed between wool 
from progeny that inherited one major haplotype to progeny that inherited the other major 
haplotype from their sire and the progeny with allele recombinations were removed from 
the analysis. 
The results obtained suggest that KAPl.1, KAPl.3 and KRTl.2 are tightly linked 
because both sires in the study passed on two major haplotypes to their progeny, and the 
associations of wool traits were very similar for all the three loci. Previously, Rogers 
(1994) and McLaren et al. (1997) reported that KAPl.1, KAPl.3 and KRTl.2 are tightly 
linked, and the result of this thesis is in agreement with these previous publications. 
However, minor haplotypes were also observed, giving an overall recombination rate of at 
least 14% in MV144-58-00, and 6.3% in Stoneyhurst. This suggests a relatively high rate 
of recombination between the loci. Tightly linked loci do not usually recombine, and if 
they do, they have a low recombination rate. This thesis has shown strong evidence to 
suggest that keratin genes on chromosome 11 are recombining very frequently, and it is 
speculated that this recombination occurs at recombination hotspots. Although the practical 
implications of a recombination "hotspot" in keratin genes cannot be explained in this 
thesis, the finding of high rates of recombination between keratin genes means that 
breeding for consistent wool quality may be difficult, and that the development of genetic 
markers linked to wool quality traits may be very important. 
The scope of this study was limited to just two sire-lines. At the KAP 1.1 locus, only 
two (AB and BC) out of the three possible heterozygous allele combinations were tested. 
At the KAP1.3 locus, only two (BD and CJ) out of 45; at the KRT1.2 locus, only two (AB 
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and DE) out of 15; while at the ADRB3 locus, only one (CE) out of possible 28 
heterozygous allele combinations were tested. It is possible that other alleles (not 
possessed by sires MVI44-58-00 and Stoneyhurst) have an impact on wool quality, and 
need to be investigated in future studies. Furthermore, more sire-lines with sires that have 
similar allele combinations at the KAP 1. 1 , KAP1.3, KRT1.2 and the ADRB3 loci as 
MVI44-58-00 and Stoneyhurst need to be investigated in order to confirm the 
associations observed in the study. It would also be useful in the future to investigate 
genes and markers that were not informative in this study and map in close proximity to 
the keratin genes such as KAP3.2, KAP6, KAP7, KR T2.1 0 and the microsatellite 
OarFCBI93. 
This study could not investigate all the possible loci that are considered as potential 
genetic markers for wool quality traits. It is recommended that other loci located on the 
same chromosomal regions as the keratin genes investigated in this study (chromosomes 1, 
3 and 11) are investigated in the future, as they may impact on wool fibre characteristics. 
These include KAP 11.1 and trichohyalin protein - all located on chromosome 1, KR T2.13, 
BMC 1 009 (Similar to intermediate filament type II keratin), RARG (Retinoic acid receptor 
8) and IGFI (Insulin like growth factor) - all located on chromosome 3 and Insulin-like 
growth factor binding protein 4 (IGFBP4), KRTI0 lying between three micro satellites and 
the linked loci (KAP1.1, KAP1.3 and KRT1.2), and the growth hormone, located on 
chromosome 11. In particular, the growth hormone has been reported to have positive 
effects on wool characteristics, and it is likely that different alleles of the growth hormone 
may affect wool growth_ ill different ways. Future studies are also required to further 
investigate the possibility and potential consequences of recombination "hotspots" within 
genes that code for KRTs and KAPs. 
In the future, it would be best to screen for polymorphism in the KAP8 microsatellite 
using the methods of Wood et al. (1992). Since KAP6 and KAP8 have been shown to be 
tightly linked (distance of approximately 15 cM (Parsons et aI., 1994a)), similar 
association results for the two loci would be expected. 
There appears to be a mechanism that drives high rates of recombination at 
"hotspots" within keratin genes. The observation of this high recombination would 
increase polymorphism in wool keratin genes. This may explain the challenge in breeding 
for consistent wool quality. This finding is very important as it suggest that although some 
progress has been made within the wool industry through selection pressure, in the event 
143 
whereby such selection pressure was not applied, these sheep could quickly revert back to 
a diversity of diverse phenotypes. Future study is required. 
Although alleles at the KAPl.l, KAPl.3 and KRTl.2 genes were significantly 
associated with variation to wool yellowness, the associations do not appear to have any 
commercial significance as wool colour from both progeny groups is either white or very 
white. The cost of having sheep genotyped to a farmer versus the benefit of gene marker 
selection must be taken into account. A gene marker would only be of benefit to farmers if 
the rewards of using it outweigh the cost of genotyping the animals. This study suggests 
that it is probably not cost effective to develop a gene marker for wool colour, as the 
benefits don't appear to outweigh the cost. Similarly, the associations observed at the 
KAPl.l A - KAPl.3 D - KRTl.2 B haplotype with variation to yield in MVl44-58-00 
progeny, and with the KAPl.l C - KAPl.3 D - KRTl.2 B haplotype with variation to wool 
brightness would appear to be oflittle economic value. 
The associations observed at the KRTl.2 B allele with increased staple strength in 
MVl44-58-00 progeny, as well as the associations ofthe KAPl.l B - KAPl.3 J - KRTl.2 
D haplotype in Stoneyhurst progeny with increased staple length appear have commercial 
significance, and indicates potential gene markers linked with increased staple strength and 
longer length. These findings still require further validation in other half-sib families. In 
addition, the observed affect ofthe KRTl.2 B allele on GFW with 7% difference between 
KRT1.2 A and B alleles is promising as a possible marker for GFW, and requires further 
study in other half-sib families. 
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Chapter 12 Appendices 
Appendix A: Major suppliers of molecular biology reagents 
and equipment 
Abgene, Epsom, Surrey, U.K 
Bio-RadLaboratories Inc., Hercules, CA, USA 
BDH Laboratory Suppliers, Poole, England 
Eppendorf, Hamburg, Germany 
FMC Bioproducts, Rockland, Maine, USA 
Germantown (New Zealand) Company, Manukau City, New Zealand 
GibcolBRL, Gaithersburg, MD, USA 
Hoefer, Inc., San Francisco, Ca, USA 
. Invitrogen Corporation, Paisley, Scotland, UK 
Invitrogen Life Technologies, Carlsband, CA, USA 
Invitrogen New Zealand Limited Penrose, Auckland, New Zealand 
Life Technologies Inc, New York, USA 
Lynnon Biosoft, Quebec, Canada 
Promega Corporation, Madison, Wisconsin, USA 
Qiagen, GmbH, Hilden, Germany 
Roche Diagnostics, Mannheim, Germany 
Sigma Chemical Company, St Louis, MO, USA 
Whatman BioScience Ltd, Abington, Cambridge, UK 
Whatman International Ltd, UK 
All other chemicals, unless otherwise stated, were obtained from either Merck KGaA, 
Darmstadt, Germany or from BDH Laboratory Suppliers, Poole, England. 
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Appendix B: Genetic map of the Promega pGEM® - T Easy 
Vector 
Xrnn i 2009 >-// .... --'-.. --~ .... -, ......... 
o 
Promega 
/' .-_1 C "''- rVae I 
Sea 1189D)/ //---- '--""""~"':>,,,27()7 / T7! 
/ // fl orl~ '\\ ,/ Aoa i 1~ sta'l 
I ! \ \ A~,t Ii 20 
: / \.~ / Sphl 26 
/ / . L \" / ! BstZ I 31 
! ( !\mp' \ \ / i Nco I 37 
r PGE~:~~~asv !aeZ ~_~' I ~~~~ I 1~ 
\ :~r'1hb ' I-~! ::>ac II 49 
\ PJ J P) } il"---- I EcoR I I 52 




\ BstZ I 
\\ Pst! Saii 
, Ndel 
\ Sac I 
\ BstX I \ Nsil 











Figure 3. pGEM®-T Easy Vector circle map and sequence reference pOints. 
pGEM®·T Easy Vector Sequence reference points: 
T7 RNA Polymerase transcription initiation site 
SP6 RNA Polymerase transcription initiation site 
T7 RNA Polymerase promoter (-17 to +3) 
SP6 RNA Polymerase promoter (-17 to +3) 
multiple cloning region 
laeZ start codon 
lac operon sequences 
lac operator 
13-lactamase coding region 
phage 11 region 
binding site 01 pUC/M13 Forward Sequencing Primer 













Appendix C: Allele sequences from the uninformative loci 
Sequence ofKAP3.2 (424 bp) cloned from sire MV144-58-00 (Accession number: 
AY483216) 
1 CGAGACACCA AGACTTCTCT CATCAACCCA ACAAAACCCA GCTCCTGACA 
51 CCATGGCTTG CTGCGCTCCC CGCTGCTGCA GCGTCCGCAC TGGTCCTGCC 
101 ACCACCATCT GCTCCTCTGA CAAATTCTGT CGGTGTGGAG TCTGCCTGCC 
151 CAGCACCTGC CCACACGACA TCAGCCTCCT CCAGCCCACT TGCTGTGACA 
201 ACTCCCCCGT GCCCTGCTAT GTGCCTGACA CCTATGTGCC AACTTGCTTT 
251 CTGCTCAACT CTTCCCACCC CACTCCTGGA CTGAGCGGGA TCAACCTGAC 
301 GACCTTCATT CAGCCTGGCT GTGAAAATGT CTGCGAGCCC CGCTGTTAAA 
351 CAGCCACATC TTTGCACGGG TTCAGTGATG AGCTGCTCAA GTCTTAATGC 
401 GTGATCTGGC CTTCAACACT CACT 
Sequence ofKAP6.1 (528 bp) cloned from sire MV144-58-00 (Accession number: 
AY483217) 
1 CCAATGGCAT GAAGGTGTGG TGGGTCACAC CCACACTGAG AGCATATAAA 
51 AGGCCCTCTG CAGGGAGAAA TGTCCACACT CAAGAGACAC TTCTACTCTC 
101 ATTCTCTACC CGAGAACAAC CTCAACAAGC AACACCATGT GTGGCTACTA 
151 CGGAAACTAC TATGGCGGCC TCGGCTGTGG AAGCTACAGC TATGGAGGCC 
201 TGGGCTGTGG CTATGGCTCC TGCTACGGCT CTGGCTTCCG CAGGCTGGGC 
251 TGTGGCTATG GCTGTGGCTA TGGCTATGGC TCCCGCTCTC TCTGTGGAAG 
301 TGGCTATGGC TATGGCTCCC GCTCTCTCTG TGGAAGTGGC TATGGATGCG 
351 GCTCTGGCTA TGGCTCTGGC TTTGGCTACT ACTATTGAGG ATGCCACGAA 
401 AGACTCTCAT CCTCTATACC TGGACACCAG GATTCACCAG TTCTAAATGA 
451 ACCCCATACA TTCTTTGTCC TACTAAAGAC TTGCCTTCCG GTGCCCTCTA 
501 CATCTGATAC ACCAACCCTT CCCTTTTT 
Sequence ofKAP7 (413 bp) cloned from sire MV144-58-00 (Accession number: 
AY791846) 
1 CATCGGACAG CTTGAGGTAT AAAAGGTCCC GTGCAGGACG AGAACTTCAT 
51 TCCTTCTTGG GTAACTTGCT CTTCACATTC TATCCAAATC CTTCCCACTC 
101 CTGCCACAAT GACTCGTTTC TTTTGCTGCG GAAGCTACTT CCCAGGCTAT 
151 CCTTCCTATG GAACCAATTT CCACAGGACC TTCAGAGCCA CCCCCCTGAA 
201 CTGCGTTGTG CCCCTTGGCT CTCCCCTTGG TTATGGA~GC AATGGCTACA 
251 GCTCCCTGGG CTACGGTTTC GGTGGAAGCA GCTTTAGCAA CCTGGGCTGT 
301 GGCTATGGGG GCAGCTTTTA TAGGCCATGG GGCTCTGGCT CTGGCTTTGG 
351 CTACAGCACC TACTGATGGA CCATGGCTCC AGATGACTAC GGGACCCGCC 
401 CTCAATTCTC TGT 
Sequence ofKRT2.10 (191 bp) cloned from sire MV144-58-00 (Accession number: 
AY437406) 
1 ATGGCCTGCC TGCTCAAGGA GTACCAGGAG GTGATGAACT CCAAGCTGGG 
51 CCTGGACATC GAGATCGCCA CCTACAGGCG CCTGCTGGAG GGCGAGGAGC 
101 AGAGGTAAGG ATCATCTCGG TTGCCGCATG AGTTCCACTT GCATAGGTCT 
151 GCCCACTTCT GATTTTTCCT CATCCTAGTC TCAGTCCTAA G 
Appendix D: Progeny genotype data 


























































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































Ewe Lamb Ewe Lamb Ewe Lamb 
identit genotyp genotyp genotyp genotyp genotyp 






































































































AB AB BD 
AB BB DF 





AB BB DJ 




AB BB DJ 
AB BB AD 
AB BNAI AD 
BB AB 
AB BB DJ 
BB BJ 
AC DF 
AB BB AD 
BB AB 
AA DD 
AB AC BD 




































































































































































































































































































































































































































































































































































138 13 AB AB BG AA EF 
l39 53 AB BNA! DF BD EE 
140 77 AB AC BD CD AB BE CE CE 
141 90 AB BNA! BD BNA! AB BNA! AE 
142 49 AB AC BD CD AB BE CE CE 
144 98 AB AB BD DE AB BC CE CE 
145 100 AB AB BD BD AB AB BE 
146 56 BB BB BI AD CE AE 
147 95 AB BB BD AC AB CD AE 
148 95 AB BB AD BC CC 
149 79 BB AB AC CC 
150 6 BB AB AC CE AC 
151 46 AB AB BG AD BE 
152 58 AB BB AD AB AD CE CE 
153 58 BB AB AA CE CE 
154 11 AB BB BD AB AB BE CE CF 
155 11 AB BB BD AB AB BE CC CF 
156 37 BB BF AB AB AC 
159 54 BB AB AC AE 
160 8 BB BB AA EF 
161 39 BB BE AC CC 
162 124 AB AB BD BD AB AB CE AC 
163 115 AB BNA! DR BE CC 
164 9 AB BB AD BE CE CC 
165 9 AB BB AD AB AE CE CC 
167 42 BC BF AD AC 
168 69 AC CD BE DE 
169 69 AC AD BD CE EE 
lBlood sample was not available 
?The genotype of the sheep could not be ascertained 
173 
D3: Genotype of Stoneyhurst progeny 
Lamb Ewe Lamb genotype 
identity identity 
KAP1.1 KAP1.3 KRT1.2 ADRB3 KAPS 
1027 86 AB DJ BD EF AB 
1028 162 AB DJ BD CE AA 
1029 57 AC CD BE ? BB 
1030 114 AC CD BE CF AA 
1031 59 BC CJ BE CE AB 
1032 59 BB JJ BD ? AA 
1033 105 BC BC AE CE AA 
1034 89 BC BC AE EE AA 
1035 51 AC CD BE CE AB 
1036 49 BC AJ CD CC AD 
1037 120 AB DJ BD CC AA 
1038 56 BB AJ CE CE AB 
1039 65 BC BC AE CE AC 
1040 47 BC BC AE CC AB 
1041 119 BB BJ AD CF BB 
1045 77 BC BC AE AC BB 
1046 155 BB BJ AD CC AA 
1048 14 AC CD BE AE BB 
1049 130 BB AJ CD CC AA 
1050 161 BB BJ AD CC AA 
1051 84 BB BJ AD CC BB 
1052 150 BC AC CE EE BB 
1053 17 AC CD BE AC BB 
1054 NT BC AC CE CE AA 
1055 113 AB DJ BD EE AB 
1056 140 BC BC BE CC BB 
1057 21 AB DJ BE CC AB 
1058 87 BB BJ AD CE AA 
1059 135 BC BC AE CE AB 
1060 137 BC BC AE CC AA 
1061 117 BC CJ DE CE AC 
1062 38 AB DJ BD CE AB 
1063 148 BC AC CE CC AB 
1064 68 BB BJ AD CE AB 
1065 BC BC AE .CC ? 
1067 116 AB DJ AD CC AA 
1068 58 CC BC BE ? ? 
1069 64 AC CD BE CE AA 
?The genotype of the sheep could not be ascertained 
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D4: Summary table of Stoneyhurst progeny with the same genotype as the sire 
Lamb Ewe Lamb Ewe Lamb Ewe Lamb Ewe Lamb Ewe 
identity identity genotype genotype genotype genotype genotype genotype genotype genotype 
KAPI.I KAP1.1 KAPI.3 KAPI.3 KRTl.2 KRT1.2 ADRB3 ADRB3 
1027 86 AB OJ BO EF 
1028 162 AB OJ BO CE CE 
1029 57 AC CD BE ? CC 
1030 114 AC CD BE CF 
1031 59 BC AB CJ OJ BE CE CC 
1032 59 BB JJ BO ? CC 
1033 105 BC BB BC AE CE CC 
1034 89 BC BB BC AE EE 
1034 89 BC BB BC AE EE 
1035 51 AC CD BE CE CE 
1036 49 BC BC AJ CD CC 
1037 120 AB OJ BO CC 
1038 56 BB AJ CE CE AE 
1039 65 BC AB BC AE CE CF 
1040 47 BC BB BC AE CC 
1041 119 BB BJ AD CF 
1045 77 BC BB BC AE AC 
1046 155 BB BJ AD CC 
1048 14 AC CD BE AE 
1049 130 BB AJ CD CC 
1050 161 BB BJ AD CC 
1051 84 BB BJ AD CC 
1052 150 BC BB AC CE EE 
1053 17 AC CD BE AC 
1054 NT2 BC AC CE CE ? 
1055 113 AB OJ BO EE 
1056 140 BC AB BC BE CC 
1057 21 AB OJ BE CC 
1058 87 BB BJ AD CE CC 
1059 135 BC AB BC AE CE CC 
1060 137 BC BB BC AE CC 
1061 117 BC BC CJ BC DE AE CE BC 
1062 38 AB OJ BO CE BNAI 
1063 148 BC AB AC CE CC 
1064 68 BB BJ AD CE BE 
1065 BC BC BC AE CC 
1067 116 AB OJ AD CC 
1068 58 CC BC BE ? CE 
1069 64 AC CD BE CE CC 
'Blood sample was not available, 2Did not have a tag number. 
?The genotype of the sheep could not be ascertained 
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D5: Summary table of MV144-58-00 progeny showing sire and dam alleles. 
Lamb Ewe 
101 101 
KAP1.1 KAP1.3 KRT1.2 ADRB3 
Lamb Ewe 
GT2 GT2 
Sire Dam Lamb Ewe 
allele allele GT2 GT2 
Sire Dam Lamb Ewe Sire Dam Lamb Ewe 































121 BB B B AB B A AE A E CC C C 
43 AC A C DF D F BE B E CC C C 
15 BC B C BI B C AB DE CE CE 
33 AA A A DD D D BB B B CE AC E C 
97 AB AB 
114 BB 
AD 
B B AB 
D 
B 
A BC B C AC C A 
A AD A D AC C A 
104 AB BB A B BD AB D B AB AD B A AC C A 
119 BB B B DJ D A BD B D AE E A 
82 AB BB A B AD D A AB AF B A CE CC E C 
5 AB AB DE D E BC B C CE CF E C 
109 AB AB BD DH B D AB BE A B AC C A 
45 BB B B BJ B 
45 BB B B BE B 
52 BC B C BC B 
102 AB BB A BD BB D 
108 AB BB A BD AJ? 
10 AB BB A BD BB D 
122 BB B B BB B 
57 BB B B BB B 
80 AB AB BD BD 
101 AB BB A B DF D 
21 AB AB BG B 
70 BB B B BJ B 
70 AA A A DD D 
22 BB B B BJ B 
125 BB B B BB B 
14 AB BB A B DJ D 
72 BC B C AB B 
50 60 AC A 
51 78 AC A 
53 113 AC A 
55 92 AB BB A 
56 23 AB BB A 
57 96 AB BNA3 
58 61 BB B 
59 112 AB BB A 
60 17 BB B 
61 130 AC A 
62 29 AB BB A 
63 29 BB B 
64 31 AA A 
65 31 AB AC B 
66 106 AB BB A 























B AB B 
A DD D 
C BD CD B 
AD D 
B BJ B 
A AB BC A B AC C 
E AC BC A C AE E 
C AE A E EE E 
B BC B C CE AC E 
BC B C AE E 
B AB AA B A AC C 
B AA A A CE CE 
B AA A A CC C 
AB AB CC C 
F BB B B AE E 
G AD A D CC C 
A AB BB A B CE CE 
D BB B B EE E 
A BB B B EF E 
B AC A C CE AC E 
A BB B B CE AC E 
A AC A C AC C 








B D CE CF E 
B D AE E 
B B EE E 
B C AE E 
B E CE ? 
B D CC 
B B CC 
C 
C 
A AB AD B A CE CC E 
F BC B C EF E 
A BE B E AC C 
A AE A E CE AC E 
D BB BD B B CC C 
D AB BD A B CC C 
A AB AC B A EE E 





























69 81 BB B B BB B 
70 81 BB B B BB B 
71 110 AB BB A B BO BJ 0 
73 116 AB BB A B 01 
74 116 AB BB A B 01 
75 107 AB BNA3 DE 
76 55 AB BB A B DO 
77 71 BB B B BB 
78 12 AB BB A B AD 
79 12 AB BB A B AD 
81 87 AB BC A B AD 
83 94 AB AB BO BO 
84 94 AB AB BO BO 
85 117 BB B B BJ 
86 117 AB BNA3 DO 
87 20 BB B B BB 
88 40 AC A C AD 
89 40 BB B B AB 
90 28 BB B B BE 
91 25 AC A C CD 
92 20 AB BB A B BO AJ 
93 63 AC A C CD 
94 63 AB AC B A BO 01 
95 18 BB B B AB 
96 59 AB AB BO AD 
97 3 AB AA B A BO OG 
98 83 BB B B BB 
99 91 BB B B DO 
100 91 BB B B BB 
101 35 AB AC B A DO 
102 35 BB B B BB 
103 36 AB BC A B AD 
104 50 AC A C OF 
105 34 BB B B DE 
106 129 AB AB DO 
108 68 AB AB BO BO 
109 51 AB BC A B DE 
110 103 BB B B BJ 


































113 88 AB BB A B AD 0 
114 27 AB BB A B AD 0 
115 93 AA A A DO 0 
116 75 AB BC A B BO BI 0 
117 75 BC B C BC B 
118 89 AB BC A B BO BF 0 
119 62 BB B B AB B 
120 62 AB BB A B AD 0 
121 105 AC A C OF 0 
122 65 AB BC A B AD 0 
124 24 AB AB BO BO 
125 111 AB AB BO BB 0 
127 2 BB B B AB B 
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B AD A 0 CE CC E 
B AA A A CE CC E 




B E CC C 
E BC B C CC C 
o BB B B CE CC E 
B AA A A AE E 
A BC B C CC C 
A BC B C CC C 
A BC B C CE EF C 
AB AB EE E 
AB AB CC C 
A AB BNA3 CC C 
o BB B B CF C 
B AB BE A B CC C 
A BC B C CE CE 
A AC A C CE CE 
E AC A C CE ? 
C BE B E AC C 
B AB BE A B EE E 
C BE BO B E BC C 
o AB BO A B CE BC E 
A AC A C CC C 
o AB BC A B AC C 
o AB BF A B CC C 
B AA A A AE E 
o BB B B CC C 
B AB BC A B CE CC E 
o BO B o CE CC E 
B AD A o EE E 
A BC B C CC C 
F BO B o CC C 
E AC A C CC C 
o BB B B CE CC E 
AB AB AC C 
E BC B C AE E 
A AB BE A B CE CE 



































A BC B C CE EE C E 
A BC B C CE CF E C 
o AB AD B A CC C C 
B AA A A CC C C 
C AE A E BC C B 
B AB AE B A CE AC E C 
A AE A E CE CF E C 
A BE B E CC C C 
F BE B E CC C C 
A BC B C CC C C 
AB AB CE AC E 
B AB AB AC 






128 128 BB 
129 4 BB 
130 4 BB 
133 30 AB AB 
135 67 AB AB 




137 131 BB B 
138 13 AB AB 
139 53 AB BNA3 
140 77 AB AC B 
141 90 AB BNA3 
142 49 AB AC B 
144 98 AB AB 
145 100 AB AB 
146 56 BB BB B 
147 95 AB BB A 
148 95 AB BB A 
149 79 BB B 
150 6 BB B 
151 46 AB AB 
152 58 AB BB A 
153 58 BB B 
154 11 AB BB A 
155 11 AB BB A 
156 37 BB B 
159 54 BB B 
160 8 BB B 
161 39 BB B 
162 124 AB AB 
163 115 AB BNA3 








BD AD B 
DF D 
B BF B 
BG B 
DF D 
A BD CD B 
BD BNA3 
A BD CD B 
BD DE B 
BD BD 
B BI B 
B BD AC 
B AD D 
B AB B 
B AB B 
BG B 
B AD D 
B AB B 
B BD AB D 
B BD AB D 
B BF B 
B AB B 
B BB B 
B BE B 
BD BD 
DH D 
B AD D 




167 42 BCB .. C BF 
168 69 AC A C CD 
169 69 AC A C AD 
IIdentity, 2 Genotype, 3Blood sample was not available 
?The genotype of the sheep could not be ascertained 
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A AD A D AC C 
A AC A C CE AC E 
A AC A C CC AC C 
AB AB CC C 
C D AB BC A B CC 
F BD B 
F AD A 
G M A 
F BD B 
D AB BE A 
AB BNA3 
D AB BE A 




A BC B 
A AC A 
A AC A 
G AD A 
A AB AD B 
A M A 
B AB BE A 
B AB BE A 
F AB AB 
A AC A 
B M A 
E AC A 
AB AB 
H BE B 
A BE B 
D CC C 
D CC C 
A EF E 






D CE AE C 
AE E 
C CC C 
C CC C 
C CE AC E 
D BE E 
A CE CE 
A CE CE 
B CE CF E 
B CC CF C 
AC C 
C AE E 
A EF E 
C CC C 
CE AC E 
E CC C 
E CE CC E 
A AB AE B B CE CC E 
F AD A D AC C 
C BE B E DE E 

















































59 BC AB 
Sire Dam Lamb 
allele allele GT2 
B A OJ 
B A OJ 
B A OJ 
C A CD 
C A CD 
C B CJ 
1032 59 BB B B JJ 
1033 105 BC BB C B BC 
1034 89 BC BB C B BC 
1035 51 AC C A CD 
1036 49 BC BC 
1037 120 AB 
1038 56 BB 
1039 65 BC AB 
1040 47 BC BB 
1041 119 BB 
1045 77 BC BB 
1046 155 BB 
1048 14 AC 
1049 130 BB 
1050 161 BB 
1051 84 BB 
1052 150 BC BB 
1053 17 AC 
1054 NT4 BC 
1055 113 AB 
1056 140 BC AB 


































































1058 87 BB B B BJ J 
1059 135 BC AB C B BC C 
1060 137 BC BB C B BC C 
1061 117 BC BC CJ BC J 
1062 38 AB B A OJ J 
1063 148 BC AB C B AC C 
1064 68 BB B B BJ J 
1065 BC BC BC C 
1067 116 AB B A OJ J 
1068 58 CC C C BC C 
1069 64 AC C A CD C 
KRT1.2 ADRB3 
Dam Lamb Ewe 
allele GT2 GT2 
Sire Dam Lamb Ewe Sire Dam 
allele allele GT2 GT2 allele allele 
o BO DB? 
o BO o B EF E F 
o BO o B CE CE 




E B CF C F 
E B CE CC E C 
DB? CC E 
C AE E A CE CC E 
B AE E A EE E 
o BE E B CE CE 



































B AD 0 
B AE E 
B A.E E 
C DE AE 0 
o BO 0 
A CE E 
B AD 0 
B AE E 
o AD 0 
B BE E 
o BE E 
B CC 
C CE AE 






























A CE CC E 
A CE CC E 
A CC C 
E CE BC E 
B CE BNA3 
C CC C 
A CE BE C 
A CC C 
A CC C 
B ? CE 





























[Identity, 2Genotype, 3B1ood sample was not available, 4Did not have a tag number. 
? = The genotype of the sheep could not be ascertained 
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Appendix E: Progeny wool measurement data 
El: Sire MV144-58-00 first shear data 
Lamb 
101 Traits2 
Prickle Curva- Staple Staple Bright- Yellow-
factor MFD FDSD CVD ture Yield length strength ness ness GFW CF' 
(%) (~m) (~m) (%) (O/mm) (% GFW) (mm) (N/ktex) (Y} (Y-Z) (kg} (k~ 
9 5.0 17.1 4.0 23.4 88.9 79.2 80.0 25.0 73.3 -3.2 4.9 3:, 
11 4.0 17.4 3.0 20.1 93.4 78.3 83.0 43.0 71.0 -3.1 3.3 2.: 
12 4.0 16.4 3.0 20.7 100.9 3.4 2.~ 
13 1.0 15.3 3.0 20.9 94.9 72.4 83.0 23.0 70.4 -2.7 3.7 2.: 
14 5.0 17.9 4.0 23.5 88.8 79.1 97.0 14.0 69.1 -2.4 4.4 2.! 
15 4.0 15.6 4.0 26.3 93.9 72.6 79.0 13.0 71.1 -3.3 3.0 2.: 
17 2.0 15.9 4.0 23.1 100.3 76.5 88.0 9.0 71.8 -3.1 4.3 3: 
19 1.0 16.6 3.0 19.3 93.4 79.0 96.0 27.0 68.2 -3.0 4.2 3.: 
20 2.0 16.7 3.0 19.2 103.3 75.4 86.0 30.0 71.2 -3.2 4.9 3:, 
21 5.0 17.0 3.0 20.6 91.4 78.2 94.0 15.0 69.5 -2.5 3.7 2.1 
23 6.0 17.8 5.0 25.8 93.7 76.0 105.0 29.0 69.5 -3.0 4.0 3: 
24 6.0 18.3 4.0 19.7 94.2 72.9 89.0 32.0 69.1 -3.0 2.8 1.! 
25 6.0 16.5 4.0 22.4 100.5 67.8 83.0 35.0 68.7 -2.5 2.5 1.! 
28 3.0 15.9 3.0 20.1 97.6 73.3 82.0 16.0 68.8 -3.2 2.7 2.( 
29 4.0 17.8 4.0 21.9 92.2 80.0 85.0 30.0 63.8 -1.3 2.5 1.1 
30 3.0 16.1 3.0 19.3 94.1 76.5 81.0 31.0 69.5 -2.9 3.2 2: 
31 2.0 16.7 3.0 18.6 98.6 76.0 93.0 16.0 69.2 -3.2 3.7 2.! 
32 3.0 14.9 4.0 25.5 94.2 74.1 73.0 20.0 71.9 -3.2 2.9 2.: 
34 3.0 16.2 3.0 21.0 97.6 78.3 92.0 19.0 71.3 -2.5 3.4 2.: 
35 7.0 17.7 4.0 23.2 88.4 72.6 84.0 25.0 68.6 -3.2 2.7 2: 
39 5.0 17.4 4.0 23.6 97.1 77.5 73.0 35.0 66.1 -1.6 4.6 3:, 
40 3.0 16.9 4.0 21.3 85.7 72.9 91.0 16.0 73.8 -3.3 3.4 2.~ 
41 11.0 18.2 5.0 25.3 109.0 78.0 83.0 24.0 1.7 1.2 3.3 3.! 
42 2.0 16.7 3.0 20.4 92.0 78.9 83.0 23.0 66.0 -1.8 3.2 2.: 
46 4.0 17.4 4.0 20.7 103.2 75.2 77.0 19.0 68.2 -2.8 3.2 2.: 
47 4.0 17.3 4.0 22.5 97.0 67.4 79.0 20.0 69.3 -2.8 3.8 3.( 
48 6.0 16.7 4.0 25.8 108.8 81.0 76.0 9.0 64.2 -2.5 3.0 2.: 
49 0.0 17.6 3.0 17.6 101.8 76.7 99.0 16.0 72.3 -2.8 3.7 2.! 
50 4.0 16.1 3.0 21.1 92.8 76.5 77.0 30.0 70.7 -2.9 3.8 2.1 
51 1.0 15.8 3.0 17.7 106.3 75.2 79.0 21.0 68.7 -3.0 2.8 2.: 
53 3.0 16.7 4.0 23.4 106.1 66.2 78.0 14.0 70.1 -3.1 4.5 3.' 
55 2.0 16.4 3.0 20.1 105.1 73.7 99.0 35.0 73.2 -3.1 3.9 3.: 
56 5.0 16.0 4.0 22.4 89.9 76.7 88.0 39.0 68.4 -1.0 2.9 2.( 
57 4.0 17.3 4.0 20.8 101.1 77.0 97.0 26.0 67.1 -2.4 3.9 3.: 
58 2.0 16.6 3.0 18.7 86.4 5.8 5.( 
59 3.0 16.9 3.0 18.9 109.4 76.3 83.0 54.0 71.1 -2.9 2.7 2.: 
60 3.0 17.4 4.0 22.4 92.7 74.3 82.0 33.0 69.8 -3.2 3.1 2.! 
61 3.0 16.5 4.0 22.4 80.9 77.8 92.0 12.0 60.6 -1.6 4.7 3.: 
62 5.0 17.6 4.0 23.9 93.4 75.3 89.0 35.0 64.8 -2.8 2.6 2.: 
63 7.0 17.6 4.0 21.5 100.9 73.4 80.0 17.0 69.5 -3.0 2.4 2: 
64 7.0 15.9 4.0 23.3 106.4 79.5 85.0 32.0 71.3 -3.0 3.0 2.! 
65 2.0 16.6 3.0 20.5 111.4 77.5 75.0 12.0 71.7 -3.2 3.1 2.: 
66 1.0 16.0 3.0 18.1 95.7 76.2 81.0 12.0 68.6 -2.8 2.5 1.! 
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68 0.0 15.3 3.0 21.6 103.0 72.7 74.0 18.0 71.9 -3.0 2.8 2.: 
69 8.0 17.7 4.0 24.3 98.9 76.6 87.0 21.0 70.3 -2.7 3.1 2.! 
70 4.0 18.1 4.0 21.0 89.5 76.8 90.0 26.0 70.5 -2.5 2.8 1.! 
71 1.0 17.0 3.0 20.0 104.9 75.8 93.0 36.0 70.6 -1.9 2.7 2.1 
73 4.0 16.2 4.0 24.1 96.8 77.6 91.0 35.0 69.5 -2.9 2.8 2.! 
74 10.0 19.7 5.0 23.9 86.0 71.1 78.0 28.0 70.7 -2.3 3.6 2.1 
75 2.0 15.5 3.0 19.4 105.3 78.2 80.0 20.0 70.0 -2.8 2.6 1.1 
76 2.0 14.9 3.0 22.1 91.8 75.9 81.0 15.0 64.3 -2.7 2.4 1.1 
77 7.0 17.5 4.0 25.1 100.9 76.9 90.0 2.0 70.5 -3.2 3.1 2.: 
78 4.0 16.4 3.0 21.3 89.3 77.1 93.0 22.0 69.9 -2.7 2.8 1.1 
79 11.0 18.1 4.0 24.3 102.0 79.5 89.0 15.0 69.2 -2.9 2.2 1.! 
81 4.0 17.5 4.0 22.9 99.4 74.5 106.0 25.0 66.1 -2.5 2.8 2.-
83 2.0 16.6 3.0 19.3 98.2 78.8 93.0 23.0 69.7 -2.9 3.6 2.1 
84 4.0 17.9 3.0 18.4 89.6 83.2 101.0 17.0 71.7 -3.0 3.3 2.! 
85 5.0 16.9 4.0 22.5 102.3 76.2 93.0 16.0 73.9 -3.0 3.1 2.: 
86 6.0 16.2 4.0 25.9 96.3 70.1 93.0 12.0 72.7 -3.0 3.7 2.1 
87 3.0 15.4 3.0 21.3 106.8 76.9 80.0 17.0 68.8 -3.1 2.2 1.1 
88 3.0 17.1 3.0 19.3 87.8 80.0 92.0 16.0 71.3 -3.1 3.2 2.: 
89 4.0 16.8 3.0 20.8 94.9 79.1 93.0 27.0 71.7 -2.6 4.0 2.1 
90 4.0 18.1 4.0 20.4 90.3 79.5 84.0 24.0 66.1 -2.9 3.0 1.! 
91 2.0 16.5 3.0 21.2 97.4 75.5 86.0 23.0 73.2 -2.6 3.3 3.: 
92 2.0 16.2 4.0 23.5 96.8 73.5 70.0 11.0 69.6 -3.0 2.6 L 
93 5.0 16.2 3.0 21.0 104.4 75.1 78.0 28.0 70.0 -3.1 2.7 1.! 
94 4.0 17.0 4.0 21.2 90.7 76.0 110.0 24.0 67.1 -2.8 2.8 2.( 
95 4.0 15.5 3.0 19.4 110.4 77.6 70.0 17.0 72.9 -2.9 2.8 2.: 
96 3.0 18.2 3.0 18.7 97.1 74.8 79.0 36.0 69.4 -1.6 3.9 3.( 
97 0.0 16.3 3.0 17.8 96.2 77.5 99.0 22.0 70.7 -3.0 2.9 2.1 
98 5.0 16.7 4.0 25.1 105.7 71.9 75.0 11.0 71.1 -3.1 4.1 3.1 
99 3.0 16.8 3.0 18.5 88.6 76.3 84.0 42.0 70.2 -3.1 2.7 2.1 
100 6.0 18.0 3.0 17.8 92.3 73.3 90.0 40.0 71.9 -3.1 3.4 2.1 
101 4.0 17.8 4.0 20.2 93.9 78.3 80.0 34.0 72.7 -2.7 2.9 2.: 
102 10.0 20.1 4.0 21.4 90.6 73.4 81.0 13.0 3.1 0.8 2.9 2.! 
103 1.0 15.0 3.0 21.3 95.4 75.2 77.0 14.0 73.5 -3.0 4.1 2.! 
104 1.0 16.3 3.0 19.0 88.9 73.0 67.0 26.0 66.9 -2.9 3.4 2.1 
105 5.0 16.0 4.0 23.1 110.4 75.2 63.0 16.0 68.9 -2.5 2.9 2.-
106 2.0 16.3 3.0 20.9 97.4 68.4 58.0 16.0 70.7 -3.2 2.9 2.( 
108 1.0 17.0 3.0 18.8 94.2 79.9 90.0 18.0 72.4 -2.5 3.8 3.( 
109 0.0 16.4 3.0 20.1 95.1 78.4 78.0 9.0 71.6 -3.1 3.4 2.1 
110 5.0 17.1 4.0 21.0 86.3 79.8 81.0 29.0 69.9 -2.9 3.4 2.1 
112 0.0 17.3 3.0 19.6 107.4 77.1 7.9.0 25.0 71.7 -3.0 2.7 2.: 
113 6.0 19.0 4.0 21.0 90.5 79.3 115.0 24.0 69.2 -2.1 3.0 2.: 
114 3.0 15.4 4.0 26.0 91.7 74.8 85.0 18.0 72.6 -3.0 3.6 2:, 
115 5.0 15.9 3.0 21.5 102.9 78.6 92.0 29.0 73.3 -3.1 3.4 2.! 
116 8.0 16.7 4.0 26.4 99.3 74.0 89.0 15.0 66.9 -3.0 3.0 1.' 
117 3.0 16.4 3.0 20.1 99.1 76.2 77.0 24.0 69.5 -3.0 3.0 2.( 
118 3.0 16.8 3.0 19.6 94.6 73.1 91.0 38.0 71.5 -3.0 3.8 2:, 
119 1.0 16.7 3.0 18.6 97.8 76.1 96.0 27.0 70.0 -3.1 3.1 2.' 
120 3.0 16.7 3.0 19.8 89.9 77.6 98.0 20.0 71.0 -2.8 3.5 2:, 
121 2.0 15.9 3.0 19.6 99.2 3.2 2.' 
122 0.0 17.2 3.0 16.9 94.3 73.2 76.0 23.0 70.3 -3.0 3.8 2.! 
124 2.0 17.3 3.0 20.2 93.7 78.8 91.0 31.0 72.4 -3.0 3.8 3.! 
125 2.0 15.3 3.0 21.6 97.6 79.3 74.0 14.0 69.5 -2.5 3.2 2.! 
127 2.0 16.4 3.0 18.3 96.0 73.3 68.0 28.0 69.1 -2.0 3.4 2.! 
128 3.0 16.5 4.0 21.2 100.8 72.1 69.0 5.0 69.2 -3.2 3.4 2.! 
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129 3.0 17.9 3.0 19.0 88.3 78.9 87.0 29.0 65.9 -2.1 3.7 2.1 
130 7.0 17.3 4.0 22.0 101.7 78.3 95.0 20.0 66.1 -3.0 2.9 2.: 
133 7.0 19.1 4.0 22.0 98.9 75.5 88.0 18.0 69.5 -1.7 3.7 2.! 
135 3.0 17.2 4.0 20.9 94.8 78.2 86.0 15.0 69.1 -2.5 3.9 2.1 
136 14.0 19.7 5.0 24.4 98.2 76.4 86.0 21.0 11.9 0.4 2.8 2.1 
137 4.0 16.8 3.0 20.8 98.7 79.2 69.0 24.0 70.7 -2.9 2.2 1.1 
138 4.0 18.1 4.0 19.9 75.0 76.6 83.0 15.0 70.3 -3.1 3.0 3.: 
139 6.0 17.0 3.0 20.6 94.7 76.6 91.0 42.0 70.4 -2.9 4.2 3.( 
140 9.0 18.1 4.0 21.0 102.9 75.3 89.0 30.0 72.3 -2.8 3.7 2.! 
141 5.0 16.7 4.0 25.8 93.7 77.6 70.0 25.0 70.0 -2.5 3.1 2.-
142 0.0 15.5 3.0 21.3 104.8 77.9 90.0 6.0 69.5 -3.1 1.9 2.( 
144 1.0 15.6 3.0 19.4 97.3 75.7 78.0 20.0 68.4 -2.8 2.4 L 
145 3.0 16.8 3.0 18.6 92.5 78.9 94.0 23.0 70.1 -2.9 3.5 2.! 
146 11.0 18.2 5.0 24.7 79.1 77.9 78.0 5.0 67.5 -2.3 2.4 1.! 
147 3.0 17.3 3.0 19.6 93.0 76.4 86.0 35.0 71.0 -2.8 2.8 2.: 
148 4.0 17.4 3.0 19.5 108.2 79.0 77.0 14.0 70.9 -2.6 2.7 2.1 
149 3.0 15.8 5.0 29.1 103.7 78.7 77.0 25.0 72.2 -2.9 3.0 2.: 
150 5.0 17.5 4.0 20.6 90.9 74.7 90.0 10.0 70.6 -2.7 2.9 2.1 
151 3.0 15.7 4.0 25.5 108.7 73.3 62.0 10.0 69.6 -3.0 2.4 1.1 
152 1.0 16.5 3.0 19.4 94.0 79.3 89.0 22.0 68.5 -3.0 2.0 1.! 
153 2.0 16.5 3.0 18.2 99.7 74.7 79.0 22.0 69.7 -3.0 2.9 2.( 
154 2.0 17.1 3.0 18.7 86.6 78.3 97.0 22.0 70.0 -3.1 2.2 2.( 
155 7.0 17.8 4.0 23.6 93.3 75.9 88.0 21.0 70.0 -3.2 2.1 1.' 
156 2.0 17.4 3.0 19.5 98.6 76.9 81.0 14.0 63.6 0.9 3.6 2.1 
159 4.0 17.2 4.0 22.7 90.7 72.4 81.0 8.0 69.5 -2.4 2.7 2.( 
160 3.0 17.2 4.0 21.5 86.3 79.2 78.0 24.0 71.3 -3.2 3.6 2.! 
161 4.0 17.7 4.0 22.6 99.3 73.9 89.0 25.0 68.0 -2.9 3.0 2.! 
162 4.0 18.0 4.0 21.1 97.4 77.6 69.0 18.0 70.5 -2.0 3.6 2:. 
163 1.0 16.3 3.0 21.5 94.3 79.7 78.0 15.0 73.2 -3.7 3.1 2.: 
164 3.0 16.3 4.0 22.7 100.5 77.8 90.0 18.0 70.9 -3.0 2.2 1.! 
165 1.0 17.0 3.0 18.2 92.7 78.5 95.0 19.0 66.6 -2.4 2.2 2.: 
167 0.0 16.7 3.0 17.4 91.6 76.7 78.0 19.0 71.4 -2.9 3.0 2.( 
168 6.0 17.2 4.0 22.1 98.5 80.6 76.0 22.0 71.7 -3.1 1.9 1.: 
169 6.0 17.1 4.0 22.2 82.2 76.0 98.0 17.0 72.3 -3.2 2.3 1.1 
lID: identity; MFD: mean fibre diameter; FDSD: fibre diameter standard deviation; CVD: coefficient of 
variation of fibre diameter; GFW: greasy fleece weight; CFW: clean fleece weight 
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E2: Sire MV144-58-00 second shear data 
Traits· 
Staple Staple Prickle 
Lamb Ewe MFD Yield length strength FDSD CVD factor 
identity identity (~m} (% GFW} (mm} (N/ktex) (~m} (%) (%} 
9 121.0 18.0 77.9 95.0 37.0 2.9 15.8 0.3 
11 43.0 18.3 72.5 85.0 49.0 4.4 23.9 1.8 
12 15.0 20.7 76.1 93.0 23.0 5.8 28.0 5.5 
13 33.0 17.2 76.8 94.0 43.0 2.9 16.8 0.4 
14 97.0 17.3 72.7 93.0 49.0 3.0 17.5 0.3 
15 114.0 21.2 71.9 71.0 46.0 5.9 27.9 3.9 
17 104.0 18.7 74.2 74.0 26.0 4.0 21.2 1.9 
19 119.0 17.5 74.7 93.0 34.0 3.1 18.0 0.7 
20 82.0 19.6 83.8 82.0 43.0 6.2 31.7 4.5 
21 5.0 17.9 78.5 76.0 25.0 3.0 16.7 0.0 
23 109.0 18.5 82.6 98.0 45.0 3.3 17.7 0.6 
24 45.0 16.3 75.2 75.0 35.0 2.8 17.5 0.0 
25 45.0 17.9 79.3 102.0 43.0 3.2 17.8 0.7 
28 52.0 16.7 73.5 78.0 24.0 2.7 16.2 0.2 
29 102.0 17.0 76.6 91.0 30.0 3.5 20.5 0.3 
30 108.0 17.0 75.2 65.0 14.0 3.6 21.2 0.2 
31 10.0 20.9 76.7 76.0 42.0 6.4 30.6 6.0 
32 122.0 18.0 74.8 90.0 29.0 4.8 26.7 3.0 
34 57.0 16.6 75.6 84.0 32.0 3.0 17.9 0.7 
35 80.0 16.1 77.0 65.0 23.0 3.3 20.6 0.7 
39 101.0 18.8 74.6 92.0 29.0 4.3 22.9 3.3 
40 21.0 17.1 72.3 89.0 27.0 2.9 17.0 0.2 
41 70.0 18.0 72.7 81.0 32.0 4.4 24.4 2.8 
42 70.0 19.3 73.9 82.0 28.0 5.4 28.1 3.8 
46 22.0 17.7 81.7 77.0 27.0 2.8 16.1 0.2 
47 125.0 18.5 62.1 82.0 26.0 3.6 19.3 0.8 
48 14.0 16.6 77.1 87.0 23.0 2.7 16.2 0.3 
49 72.0 _18.3 79.7 88.0 38.0 3.7 20.1 1.2 
50 60.0 18.9 76.4 85.0 39.0 5.7 30.2 4.5 
51 78.0 16.4 77.8 78.0 35.0 2.9 17.4 0.2 
53 113.0 20.6 77.1 74.0 10.0 5.8 28.2 6.2 
55 92.0 17.9 79.7 99.0 49.0 5.2 29.1 2.3 
56 23.0 17.0 81.2 82.0 30.0 2.6 15.2 0.0 
57 96.0 21.0 77.9 87.0 41.0 6.1 29.2 4.5 
58 61.0 17.8 74.3 86.0 48.0 2.9 16.6 0.6 
59 112.0 18.4 71.8 84.0 41.0 3.1 16.8 0.0 
61 130.0 17.0 76.8 80.0 47.0 3.1 18.4 0.3 
62 29.0 17.3 81.6 93.0 45.0 3.7 21.3 0.5 
63 29.0 18.3 76.0 74.0 37.0 3.7 20.3 0.8 
64 31.0 18.6 77.4 79.0 41.0 6.2 33.1 3.0 
65 31.0 17.9 74.9 85.0 43.0 2.6 14.5 0.0 
66 106.0 17.3 78.0 74.0 25.0 3.6 20.9 0.5 
68 134.0 16.0 79.1 82.0 21.0 2.9 17.9 0.0 
69 81.0 18.2 78.9 82.0 21.0 3.0 16.5 0.3 
70 81.0 19.5 73.9 87.0 28.0 3.6 18.5 0.6 
71 110.0 18.0 77.8 64.0 38.0 3.8 21.0 0.5 
73 116.0 17.6 79.1 67.0 37.0 2.9 16.6 0.2 
74 116.0 21.5 83.3 84.0 55.0 3.1 14.6 0.6 
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75 107.0 18.2 75.9 85.0 57.0 5.7 31.2 3.3 
77 71.0 21.5 74.6 71.0 23.0 6.1 28.6 6.2 
81 87.0 18.4 78.0 94.0 44.0 3.2 17.6 0.7 
83 94.0 17.0 73.3 68.0 24.0 3.4 20.3 0.8 
84 94.0 19.0 80.8 76.0 10.0 3.3 17.6 1.0 
85 117.0 16.6 73.0 82.0 35.0 3.0 17.7 0.3 
86 117.0 17.8 70.3 88.0 38.0 4.1 23.2 1.1 
87 20.0 20.2 76.9 83.0 37.0 6.4 31.8 4.8 
88 40.0 20.3 78.3 72.0 21.0 5.4 26.7 4.3 
89 40.0 17.6 74.3 90.0 41.0 3.0 17.0 0.0 
90 28.0 19.3 73.9 66.0 24.0 3.4 17.8 1.2 
91 25.0 18.5 77.6 88.0 35.0 5.2 28.2 2.6 
92 20.0 14.5 78.9 70.0 19.0 3.0 20.5 0.3 
93 63.0 16.6 77.4 74.0 29.0 3.1 18.9 0.5 
94 63.0 20.5 77.8 63.0 30.0 7.0 33.9 5.4 
95 18.0 17.6 75.1 76.0 26.0 3.0 16.9 0.3 
96 59.0 22.4 74.2 81.0 30.0 6.8 30.5 9.0 
97 3.0 19.9 74.5 87.0 34.0 6.6 33.1 4.3 
98 83.0 17.3 74.0 75.0 32.0 3.3 19.2 0.8 
99 91.0 17.8 76.6 63.0 40.0 3.5 19.5 0.3 
100 91.0 20.3 77.0 87.0 59.0 6.8 33.7 6.8 
101 35.0 18.6 80.1 80.0 36.0 3.1 16.6 0.9 
103 36.0 18.3 78.0 79.0 27.0 7.1 38.7 4.6 
104 50.0 17.1 73.1 77.0 13.0 4.0 23.2 0.8 
105 34.0 16.7 73.4 76.0 36.0 3.6 21.6 0.3 
106 129.0 16.5 71.1 73.0 18.0 2.8 17.1 0.2 
108 68.0 19.2 77.4 83.0 38.0 3.3 17.3 0.5 
109 51.0 17.5 76.7 88.0 33.0 4.9 27.9 1.7 
110 103.0 17.8 79.4 92.0 43.0 2.9 16.1 0.2 
113 88.0 18.3 75.0 80.0 35.0 4.5 24.6 2.7 
114 . 27.0 15.3 75.6 67.0 16.0 3.1 19.9 0.3 
116 75.0 18.6 77.2 73.0 43.0 3.6 19.2 0.7 
117 75.0 20.7 74.3 79.0 21.0 6.0 28.9 5.3 
118 89.0 20.9 78.4 86.0 38.0 6.2 29.4 4.3 
119 62.0 ~O.O 74.4 79.0 33.0 4.8 24.2 3.2 
120 62.0 17.6 77.1 94.0 48.0 2.5 14.4 0.1 
121 105.0 18.1 67.4 102.0 22.0 3.3 18.1 1.0 
124 24.0 18.3 77.7 87.0 53.0 6.3 34.6 4.2 
125 111.0 16.3 74.7 75.0 28.0 2.8 17.0 0.3 
127 2.0 17.3 77.7 81.0 32.0 4.1 23.6 2.1 
128 128.0 18.1 77.8 84.0 44.0 3.2 17.6 0.7 
129 4.0 19.6 74.4 88.0 48.0 5.7 29.0 4.3 
130 4.0 19.0 76.7 95.0 53.0 2.9 15.4 0.5 
133 30.0 21.4 72.1 84.0 51.0 3.7 17.5 2.9 
135 67.0 17.3 79.6 91.0 42.0 3.1 18.2 0.3 
136 131.0 19.2 79.6 67.0 42.0 3.9 20.5 1.3 
137 131.0 15.8 79.8 67.0 42.0 3.0 18.7 0.0 
138 13.0 22.8 77.4 81.0 56.0 5.0 21.9 4.8 
139 53.0 20.5 76.8 108.0 48.0 5.6 27.3 2.3 
140 77.0 20.6 77.6 92.0 58.0 4.3 21.0 2.3 
141 90.0 16.7 77.3 81.0 45.0 3.0 18.0 0.3 
142 49.0 15.8 72.7 77.0 29.0 3.3 20.9 0.2 
144 98.0 17.5 74.0 79.0 18.0 3.2 18.1 0.1 
145 100.0 18.6 77.8 80.0 29.0 4.6 24.7 2.1 
147 95.0 17.8 74.2 83.0 26.0 3.4 18.8 0.7 
184 
148 95.0 18.4 74.0 71.0 21.0 3.9 21.2 1.1 
149 79.0 17.1 76.7 71.0 30.0 3.8 22.2 1.2 
150 6.0 20.0 78.2 71.0 41.0 5.4 26.8 3.9 
151 46.0 16.4 75.4 67.0 19.0 3.5 21.5 0.6 
152 58.0 16.9 76.5 92.0 28.0 3.1 18.6 0.7 
153 58.0 17.4 69.8 79.0 42.0 2.9 16.5 0.5 
154 11.0 18.6 77.6 76.0 52.0 3.8 20.3 0.9 
155 11.0 19.8 76.0 82.0 50.0 4.1 20.7 1.5 
156 37.0 18.8 78.6 81.0 50.0 3.2 16.9 0.5 
159 54.0 19.8 75.0 84.0 27.0 3.5 17.6 0.8 
160 8.0 18.9 73.0 92.0 25.0 4.4 23.1 2.3 
161 39.0 19.0 70.0 77.0 37.0 3.1 16.3 0.8 
162 124.0 18.4 71.6 80.0 37.0 3.8 20.8 1.0 
163 115.0 17.2 75.9 74.0 35.0 5.4 31.7 3.2 
164 9.0 15.6 73.9 87.0 33.0 2.5 16.0 0.0 
165 9.0 17.9 80.0 103.0 37.0 2.7 14.9 0.2 
167 42.0 16.7 74.4 97.0 28.0 3.3 20.0 0.8 
168 69.0 17.9 76.9 79.0 29.0 4.6 25.9 0.9 
169 69.0 17.3 80.8 74.0 28.0 4.1 23.9 1.1 
IMFD: fibre diameter; FDSD: fibre diameter standard deviation; CVD: coefficient of variation of fibre 
diameter 
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E3: Sire MV144-58-00 third shear data 
Traitsl 
Prickle Yield Staple Staple Bright- Yellow-
Lamb Ewe MFD FDSD CVD factor (% length strength ness ness Curvatur 
identity identity (I-Im) (I-Im) (%) (%) GFW) (mm) (N/ktex) (Y) (Y-Z) (O/mm) 
12 15 17.1 3.3 19.3 0.2 76.4 95.0 25.0 72.1 -3.8 94.3 
14 97 18.4 3.5 19.0 0.4 80.6 78.0 37.0 71.7 -2.7 83.1 
17 104 16.9 3.6 21.5 0.9 75.5 65.0 32.0 71.3 -3.1 96.4 
21 5 17.6 2.9 16.6 0.3 82.4 99.0 36.0 72.1 -3.1 72.1 
40 21 17.0 3.2 18.7 0.5 73.5 85.0 35.0 71.9 -4.2 87.6 
47 125 18.1 3.2 17.5 0.2 68.0 106.0 38.0 73.4 -4.1 96.5 
49 72 20.9 3.5 16.7 1.7 77.3 74.0 42.0 69.2 -3.4 89.3 
51 78 16.8 2.6 15.2 0.2 81.9 89.0 28.0 70.4 -3.9 89.1 
56 23 16.5 3.4 20.6 0.8 86.0 75.0 41.0 73.7 -4.3 77.1 
57 96 17.8 3.5 19.4 0.9 82.8 95.0 32.0 72.6 -4.0 92.7 
58 61 17.7 3.3 18.8 0.6 79.5 80.0 42.0 66.6 -3.2 80.0 
59 112 16.9 2.7 15.8 76.5 89.0 46.0 71.0 -2.9 99.0 
64 31 17.0 3.0 17.7 0.3 81.8 83.0 37.0 71.4 -3.2 80.8 
65 31 17.6 3.1 17.4 0.3 80.9 95.0 43.0 72.3 -4.1 102.0 
68 134 16.4 3.2 19.8 0.2 72.9 84.0 24.0 70.2 -4.5 91.9 
81 87 17.8 3.3 18.6 0.7 81.7 100.0 46.0 72.0 -3.4 99.5 
84 94 18.7 3.2 17.4 0.5 80.9 95.0 24.0 71.6 -3.3 85.1 
85 117 17.3 3.4 19.6 0.7 75.3 89.0 48.0 72.3 -3.7 84.7 
86 117 17.0 3.9 23.1 1.6 71.6 91.0 33.0 70.1 -4.4 105.4 
87 20 17.4 3.2 18.7 0.6 81.7 80.0 30.0 65.8 -3.7 95.2 
89 40 17.2 3.8 22.0 1.0 76.6 97.0 45.0 71.3 -3.3 82.4 
105 34 16.9 3.1 18.5 0.3 78.0 82.0 40.0 73.1 -3.7 92.8 
113 88 17.4 4.2 24.1 0.8 73.1 91.0 12.0 71.8 -3.2 92.9 
114 27 15.3 3.0 19.3 75.6 81.0 22.0 71.5 -4.5 80.6 
116 75 16.4 2.8 17.3 0.4 81.0 83.0 39.0 72.9 -3.6 90.7 
117 75 16.7 3.2 18.9 76.6 76.0 18.0 73.1 -4.4 85.7 
119 62 18.1 3.4 18.7 0.5 77.4 94.0 40.0 72.1 -3.7 88.6 
120 62 17.7 2.7 15.3 81.7 95.0 36.0 69.5 -2.6 75.7 
130 4 17.9 2.9 16.1 0.5 79.2 88.0 56.0 70.7 -3.8 85.0 
135 67 18.4 3.0 16.6 0.6 81.0 103.0 46.0 67.3 -4.6 85.1 
137 131 16.1 3.4 21.3 0.8 80.5 68.0 52.0 72.5 -3.8 106.3 
140 77 18.1 2.4 13.5 0.2 72.8 90.0 52.0 70.0 -4.2 100.0 
148 95 17.8 2.9 16.2 75.6 .72.0 44.0 71.6 -3.0 76.4 
150 6 16.7 3.0 17.8 75.0 84.0 38.0 72.1 -3.7 88.4 
161 39 19.8 3.1 15.4 0.5 75.1 85.0 43.0 71.2 -3.2 85.1 
162 124 19.0 4.1 21.6 2.8 74.4 93.0 50.0 67.7 -3.3 100.1 
'MFD: mean fibre diameter; FDSD: fibre diameter standard deviation; CVD: coefficient of variation of fibre 
diameter. 
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E4: Sire Stoneyhurst shearing data 
Traits2 
G3 
Prickle Curva- Yield 
Lamb Ewe factor MFO FOSO CVO ture (% MSL MSS MB M~ 
101 101 (%) (11m) (11m) (%) (O/mm) GFW) (mm) (N/ktex) (Y) (Y-; 
1026 81 r 1.92 19.1 4.3 22.2 121 69.4 80.0 29.0 70.6 -3. 
1027 86 e 1.17 19.7 3.4 17.3 91.2 68.3 82.0 33.0 69.5 -2.! 
1028 162 e 8.25 20.9 5.8 28 97.2 69 77.0 31.0 68.2 -3. 
1029 57 e 0.67 18.3 3.6 19.6 83.7 73.6 71.0 26.0 72.5 -3. 
1030 114 r 1.25 19.6 3.5 18 87.6 74 80.0 45.0 74.8 -3.: 
1033 105 e 3.25 18.3 4.8 26.2 92.8 72.9 56.0 22.0 72.4 -3., 
1034 89 r 0.75 18.3 4.5 24.8 89.1 77.8 67.0 22.0 69.1 -2. 
1035 51 0.58 16 3.2 20.1 71.3 77.7 70.0 24.0 69.3 -2., 
1036 49 e 2.17 18.5 4.2 22.8 89.8 69 82.0 23.0 60.5 -2.' 
1037 120 0.67 18.8 3 16 108.2 71 76.0 34.0 70.5 -3 .. 
1038 56 1.17 17 4 23.3 98.4 75 79.0 13.0 71.1 -3., 
1039 65 r 0.25 18.6 3.3 18 96.9 73.8 84.0 13.0 71.3 -2.! 
1040 47 e 1.92 19.8 4.1 20.8 97.5 58.2 62.0 38.0 74.3 -2 .. 
1041 119 3.17 19.8 4.9 24.7 92.2 70.6 81.0 25.0 73.3 -3.: 
1048 14 e 2.92 20.4 4.2 20.5 108.9 75.6 75.0 31.0 71.1 -2 .. 
1049 130 e 1.58 20.1 3.9 19.6 110.9 68.3 69.0 34.0 71.6 -3. 
1050 161 r 0.83 18.9 3.8 20 92.7 71.5 86.0 34.0 68 -2.! 
1051 84 1.25 19 3.8 19.7 86.8 67.7 72 -2.! 
1052 150 e 0.83 19 3.5 18.4 95.6 71.2 76.0 29.0 70.5 -2. 
1053 17 e 1.08 18.3 4 21.7 83.6 70.4 62.0 17.0 65.9 -2.· 
1054 NT r 2.25 21.6 3.7 17.2 105.7 72.3 63.0 51.0 71.1 -3. 
1055 113 e 2.75 21 4.1 19.6 97.1 73.7 68.7 -2 
1056 140 e 1.25 19.1 3.7 19.5 85.3 72.4 77.0 29.0 67.1 -2. 
1057 21 r 1 19.4 4.1 21.3 79.3 74.6 76.0 25.0 66.7 -2.: 
1058 87 e 0.5 17.4 2.8 16.3 91 72.2 76.0 29.0 59.3 -1 .. 
1059 135 e 0.67 18.6 3.3 17.9 88.7 66.8 83.0 25.0 74.1 -2.: 
1060 137 r 0.33 19.5 2.6 13.4 110.4 70.2 61.0 43.0 69.4 -2. 
1061 117 1.33 17.9 4.2 23.2 111.2 75.8 60.0 33.0 70.5 -3. 
1062 38 r 3,2q 18.5 5 26.9 84.3 76.6 78.0 27.0 71 -2. 
1063 148 r 0.42 17.8 3.6 20 94.4 72.5 63.0 36.0 71.5 -2.: 
1064 68 r 0.33 17.8 3.2 18.1 87.9 70.2 79.0 45.0 72.3 -2. 
1067 116 r 1.17 17.8 3.8 21.5 88.5 78.5 77.0 53.0 63.5 -3., 
1068 58 e 1.67 21.6 3.7 17.2 110.5 66.7 63.0 44.0 70.7 -2 .• 
1069 64 1.08 18.9 4.2 22.4 80.6 78.5 69.0 39.0 72.1 -2.: 
'identity 
2MFD: mean fibre diameter; FDSD: fibre diameter standard deviation; CVD: coefficient of variation of 
fibre diameter; MSL: staple length; MSS: staple strength; MB: brightness; MY: yellowness. 
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Appendix F: DNA extraction protocols 
Appendix Fl: Genomic DNA extraction from blood of sire MV144-58-00 
The blood collected in the ISmL heparinized tubes (green top vacutainer) was 
poured into chilled SO mL falcon tubes, and made up to SOmL with ice cold red blood cell 
(RBC) lysing solution. The falcon tubes ofblood and RBC were mixed and left on ice for 
about 20 min (until the colour had become dark). The falcon tubes were centrifuged at 
(3000 rpm / 4°C /10 min), in order to pellet out the leucocytes. The supernatant that 
contained lysed RBCs was decanted off (great care taken), and at this stage there was a 
pinkish pellet at the bottom of the tube. The pellet was washed twice with 10 -IS mL ice-
cold tris-buffered saline (TBS -140 mM NaCl, O.S mM KCI, 2S mM Tris, pH7.0) and 
recentrifuged at 1000 rpm, 4 °c for 10 min between washes. As much TBS as possible was 
decanted off and the tubes left upside down on paper towels for an hour to drain. 
The leucocyte pellet in each tube was resuspended in 9 mL of ice-cold 1 X TE (10 
mM Tris-HCI, 1 mM Na2EDTA, pH8.0). Any lumps in the tubes were broken down with a 
Pasteur pipette and the tubes vortexed gently to remove any remaining lumps (any 
remaining lumps did not pose great problem until after the incubation step). Each tube 
received SOO flL ofO.SM Na2EDTA (pH 8.0) and 7SflL of proteinase K (10 mglmL, 
freshly prepared in aqueous solution), followed by the addition of SOO flL sodium dodecyl 
sulphate (SDS - 10%) in a slow manner, down the side ofthe tube. The tubes were mixed 
by inversion and then incubated in a water bath at SO°C for I.S hours with occasional 
mixing. At this stage, any lumps remaining were removed with a Pasteur pipette. 
Following incubation, 4.3 mL of saturated sterile SM NaCI was added and each tube was 
vigorously shaken for 1 min. The proteins and cellular debris were pelleted by 
centrifugation (2S00 rpm / 4°C / 10 min) and the DNA containing supernatant was 
transferred to a new sterile tube. Two volumes of absolute ice-cold ethanol (approximately 
30 mL) was added to the supernatant in order to precipitate out the DNA (visible as whitish 
threads). The tubes were inverted once only, and the DNA from each tube was spooled out 
with a hooked, sealed glass pipette. The DNA was washed overnight in 70% ethanol, air 
dried on the glass hook (approximately 4S min) and placed in an eppendorftube with a 
small amount of sterile de-ionised water (approximately 400flL depending on the size of 
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the pellet). Concentrated DNA samples were stored at -20°C. For PCR, the concentrated 
DNA solution was diluted 1: 10 in sterile de-ionised water. 
Appendix F2: DNA extraction from FTATM cards 
200 ilL of FT A ™ reagent was added to each tube containing a 1.2 mm punch of 
FTA ™ paper, containing the sample DNA. The tubes were incubated at room 
temperature for 60 min. Each tube was vortexed 3 times for about 5 seconds at the start of 
the incubation, half-way through the incubation, and after the incubation period. The 
FT A ™ reagent was aspirated, and the cards were washed with 200 ilL of TE buffer 
(Appendix G) for 2 min. The TE buffer was aspirated and the tubes were left open, but 
covered with a tube holder and stored in a fridge overnight or until amplification was 
performed. 
Appendix F3: DNA extraction using a boiling method 
Fifty ilL aliquot of an overnight culture (bacterial cells with gene of interest cultured in 
terrific broth) was centrifuged at 13,000 rpm for 2 minutes. The supernatant was discarded 
and 30 ilL TE (1 M Tris, 0.5 M Na2EDTA) buffer was added, boiled for 10 minutes, 
centrifuged at 13000 rpm for 2 minutes and then 1 ilL of the supernatant was used as the 
template for the appropriate peR. 
Appendix G: Recipes of commonly used solutions and 
protocols 




Make up to 2 L with dH20 and autoclave. 
TE Buffer for Ff A ™ cards and boiling method 
1 MTris 
0.5 MNa2EDTA 
Make up to 250 mL with dH20 and autoclave. 
LB medium! Agar 











Make up to 1 L with dH20, adjust the pH to 7.0 with NaOH, add 15 g agar, 
autoclave, allow medium to cool to 50°C, then add ampicillin to a final 
concentration of 100 llg/mL before pouring about 30 mL into each plate. 
SOC medium (100 mL) 




2 M Mg2+ stock, filter-sterilised 
2 M glucose, filter-sterilised** 
* * 2M Mg2+ stock 
20.33g MgCI .6H20 








Add bacto-tryptone, yeast, NaCI and KCI to 97 mL distilled water. Stir and 
dissolve. Autoclave and cool to room temperature. Add 2M Mg2+ stock and 2M 
glucose, each to a final concentration of 20 mM. 






Dissolve the powder in 2 mL N,N'-dimethyl formamide. Store in a dark container, 
such as one covered with aluminium foil to prevent light in, and store at -20°C. 




Make up to I L with dH20. 
Staining solution 






Add AgN03 to the fixing solution, made up freshly. Use a dark bottle, such as one 
covered with aluminium foil. 







Add water, NaOH and a magnetic stirrer in a bottle. Heat on a hot plate to dissolve 
the NaOH pellets, to about 30°C. Add formaldehyde, Keep the solution on the hot 
plate until the formaldehyde is mixed, and remove from the hot plate. 
Gel staining process 
1. Fix with about 200mL fixing solution for 3-5 minutes, remove the solution. 
2. Stain with 200 mL staining solution for 7 minutes, remove the solution. 
3. Rinse with about 200 mL dH20 for 3 minutes, remove the water. 
4. Develop with 200 mL developer solution (leave until yellow colour develops, 
and bands are clearly seen), remove the solution. 
5. Fix with about 200 mL fixing solution for 2-3 minutes, remove the gel from the 
solution and place on a clearly labelled sheet of clean A4 paper. 





xylene cyanol 0.1 g 
Add all the chemicals in a pre-autoc1aved bottle and make up to 50 mL with dH20. 
DNA loading buffer in polyacrylamide gels 
100% formamide 98 mL 




xylene cyanol 0.025 g 
Add all the chemicals in a pre-autoc1aved bottle. 
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Appendix H: Cloning protocol 
Ligation reactions 
PCR product good PCR product okay 
Plasmid DNA 1 ilL 1 ilL 
T4 DNA ligase enzyme 1 ilL 1 ilL 
5X ligation buffer 5 ilL 5 ilL 
PCRproduct 1.5 ilL 2 ilL 
Autoclaved dH20 1.5 ilL 1 ilL 
Briefly centrifuge the pCR@2.1 vector tube to collect contents at the bottom of the 
tube. Vortex vigorously the 2X ligation buffer before each use. Set up ligation reactions 
as indicated above in 0.65 mL tubes (which have low DNA-binding capacity), mix the 
reactions by pipetting and incubate overnight at 4°C. 
Transformation 
1. Equilibrate pre-prepared two LB/ampicillin plates for each ligation reaction to 37°C 
before proceeding with transformation. 
2. Remove the tube(s) of frozen JM109 High Efficiency Competent Cells from -80 C 
storage and place in an ice bath until just thawed. Mix the cells by gently flicking the tube. 
3. Centrifuge the tubes containing the ligation reactions to collect contents at the bottom of 
the tube. Add 2 ilL of each ligation reaction into 50 ilL competent cells. Do not pipette up 
and down. 
4. Gently flick the tubes to mix and place them on ice for 30 minutes. 
5. Heat-shock the cells for exactly 30 seconds in a hot water bath at exactly 42°C (Do Not 
Shake). 
6. Immediately return the tubes to ice for 2 minutes. 
7. Add 500 ilL of room temperature SOC medium to the tubes containing cells transformed 
with ligation reactions (LB broth may be substituted, but colony number may be lower). 
8. Incubate for 1 hour at 37°C with shaking (~150 rpm). 
9. While the cells are growing, spread 40 ilL X-Gal (40 mg/mL) on each plate. 
10. Plate 60 ilL of the transformation on one plate and 250 ilL on another plate. 
11. Incubate the plates upside-down overnight at 37°C. The X-Gal allows screening of the 
colonies with the insert. White colonies generally contain the gene of interest, or the 
inserts. 
Culturing of cells with an insert in terrific broth 
Select white colonies and culture them in Terrific Broth overnight at 37°C. 
Inoculate a white colony into 5 mL terrific broth that has been supplemented with 50 
IlglmL ampicillin. Incubate overnight at 37°C with shaking. 
Appendix I: Segregation of sire alleles 
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Segregation of sire alleles within each of the sire-lines. Chi-square goodness of fit was 
used for each sire-line to ascertain whether the sire alleles inherited by the progeny 
occurred in a 1: 1 ratio within the population. Probability values (P values) are given. 
Sire Gene Genotype Sire Sire Genotyped Total i P-value l 
(ab) allele allele same as (n) 
(a) (b) SIre 
MV144-58-00 KAP1.1 AB 51 54 26 131 0.0857 0.7697 
Stoneyhurst KAP1.1 BC 15 17 3 35 0.1250 0.7237 
MV144-58-00 KAP1.3 BD 56 64 11 131 0.5333 0.4652 
Stoneyhurst KAP1.3 CJ 18 17 0 35 0.0286 0.8658 
MV144-58-00 KRT1.2 AB 56 60 15 131 0.1379 0.7103 
Stoneyhurst KRT 1. 2 DE 15 20 0 35 0.7143 0.3980 
MV144-58-00 ADRB3 CE 62 56 13 131 0.3051 0.5807 
Stoneyhurst ADRB3 CE 15 13 7 35 0.1429 0.7055 
Stoneyhurst KAP8 AB 17 12 5 34 0.8621 0.3532 
lAP-value> 0.05 means that the allele segregation did not differ significantly from a 1:1 
ratio. 
Appendix J: Phenotypic correlations 
Appendix Jl: Phenotypic correlations between various wool traits measured for the sire MV144-58-00 half-sib family 
Traits' F>30 1 CF 1 MFD 1 FDSD 1 CVD1 C1 Yield 1 MSL 1 MSS 1 MB1 MY1 GFW 1 CFW1 
CF 1 -1.00*** 
n= 131 
MFD 1 0.602*** -0.602*** 
n= 131 n= 131 
FDSD 1 0.687*** -0.687*** 0.440*** 
n= 131 n= 131 n= 166 
CVD1 0.543*** -0.543*** 0.012 0.761 *** 
n= 131 n= 131 n= 131 n= 131 
C1 -0.050 0.050 -0.281 *** -0.105 0.098 
n= 131 n= 131 n= 131 n= 131 n= 131 
Yield 1 -0.030 0.030 0.068 -0.150# -0.149# -0.103 
n= 128 n= 128 n= 128 n= 128 n= 128 n= 128 
MSL 1 0.086 -0.086 0.277** 0.007 -0.121 -0.253** 0.264** 
n= 128 n= 128 n= 128 n= 128 n= 128 n= 128 n= 128 
MSS 1 0.024 -0.024 0.144 -0.147# -0.237** -0.042 0.027 0.161# 
n= 128 n= 128 n= 128 n= 128 n= 128 n= 128 n= 128 n= 128 
MB 1 -0.473*** 0.473*** -0.406*** -0.315*** -0.161# -0.036 0.003 0.017 0.057 
n= 128 n= 128 n= 128 n= 128 n= 128 n= 128 n= 128 n= 128 n= 128 
MY1 0.370*** -0.370*** 0.433*** 0.247** 0.085 -0.012 0.080 -0.006 0.026 -0.773*** 
n= 128 n= 128 n= 128 n= 128 n= 128 n= 128 n= 128 n= 128 n= 128 n= 128 
GFW1 -0.096 0.096 0.065 -0.043 -0.053 -0.139 -0.074 0.106 0.092 0.063 0.069 
n= 131 n= 131 n= 131 n= 131 n= 131 n= 131 n= 128 n= 128 n= 128 n= 128 n= 128 
CFW 1 -0.051 0.051 0.131 -0.007 -0.055 -0.081 -0.026 0.128 0.100 -0.097 0.148# 0.877*** 
n= 131 n= 131 n= 131 n= 131 n= 131 n= 131 n= 128 n= 128 n= 128 n= 128 n= 128 n= 131 
MFD2 0.233** -0.233** 0.422*** 0.055 -0.119 -0.134 -0.051 0.254** 0.123 -0.023 0.069 0.232** 0.244** 
n= 122 n= 122 n= 122 n= 122 n= 122 n= 131 n= 119 n= 119 n= 119 n= 119 n= 119 n= 122 n= 122 
Yield 2 0.123 -0.123 0.122 0.092 -0.006 -0.114 0.168# 0.188* 0.134 0.005 0.048 -0.019 0.000 
n= 122 n= 122 n= 122 n= 122 n= 122 n= 122 n= 119 n= 119 n= 119 n= 119 n= 119 n= 122 n= 122 
MSL2 -0.054 0.054 0.061 -0.066 -0.111 -0.085 0.057 0.214* 0.215* 0.086 0.032 0.267** 0.255** 
n= 122 n= 122 n= 122 n= 122 n= 122 n= 122 n= 119 n= 119 n= 119 n= 119 n= 119 n= 122 n= 122 
Continued on next page 
F>30 1 CF 1 MFD1 FDSD 1 CVD 1 C1 Yield 1 MSL 1 MSS 1 MB 1 MY1 GFW 1 CFW 1 
MSS2 0.231 * -0.231 * 0.304*** 0.090 -0.043 -0.107 0.056 0.260** 0.267** -0.031 0.114 0.160# 0.175# 
n= 122 n= 122 n= 122 n= 122 n= 122 n= 122 n= 119 n= 119 n= 119 n= 119 n= 119 n= 122 n= 122 
FDSD2 -0.037 0.037 -0.012 -0.165# -0.119 <0.001 -0.15 0.134 0.119 0.020 -0.082 0.162# 0.185* 
n= 122 n= 122 n= 122 n= 122 n= 122 n= 122 n= 119 n= 119 n= 119 n= 119 n= 119 n= 122 n= 122 
CVD2 -0.107 0.107 -0.132 -0.200* -0.095 0.037 0.006 0.073 0.097 0.026 -0.114 0.120 0.147 
n= 122 n= 122 n= 122 n= 122 n= 122 n= 122 n= 119 n= 119 n= 119 n= 119 n= 119 n= 122 n= 122 
F>30 2 -0.002 0.002 0.083 -0.128 -0.122 -0.016 -0.057 0.119 0.080 -0.009 -0.021 0.230* 0.248** 
n= 122 n= 122 n= 122 n= 122 n= 122 n= 37 n= 119 n= 119 n= 119 n= 119 n= 119 n= 122 n= 122 
MFD3 -0.108 0.108 0.617*** -0.017 -0.369* -0.019 0.154 0.291 # -0.095 -0.096 0.065 0.226 0.293# 
n=37 n= 37 n= 37 n= 37 n= 37 n=37 n= 35 n=35 n=35 n=35 n= 35 n= 37 n=37 
FDSD3 -0.106 0.106 0.216 0.164 0.127 -0.279# 0.071 0.216 -0.155 0.093 0.333 0.210 0.160 
n=37 n= 37 n= 37 n=37 n=37 n=37 n= 35 n= 35 n= 35 n= 35 n= 35 n=37 n= 37 
CVD3 -0.038 0.038 -0.086 0.162 0.308# -0.268 0.006 0.076 -0.121 0.147 0.284# 0.099 0.015 
n=37 n= 37 n= 37 n= 37 n=37 n=37 n= 35 n= 35 n= 35 n= 35 n= 35 n= 37 n= 37 
F>30 3 -0.116 0.116 0.222 0.129 -0.019 -0.125 0.090 0.018 -0.106 0.166 0.348# 0.193 0.166 
n= 31 n= 31 n= 31 n= 31 n= 31 n= 31 n=29 n= 29 n=29 n=29 n= 29 n= 37 n=31 
Yield 3 <0.001 -<0.001 -0.174 -0.193 -0.138 -0.005 0.559*** 0.094 0.150 -0.453** 0.255 -0.107 -0.174 
n= 37 n=37 n= 37 n= 37 n= 37 n= 37 n= 35 n= 35 n= 35 n= 35 n= 35 n= 37 n= 37 
MSL3 0.044 -0.044 0.229 0.017 -0.121 -0.065 -0.140 0.277 0.074 -0.148 0.065 0.170 0.164 
n= 37 n= 37 n=37 n= 37 n= 37 n=37 n= 35 n= 35 n=35 n= 35 n= 35 n=37 n= 37 
MSS3 0.259 -0.259 0.251 0.164 -0.007 0.195 0.035 -0.185 0.159 -0.083 0.060 -0.034 -0.012 
n= 37 n=37 n=37 n=37 n=37 n=37 n= 35 n=35 n= 35 n=35 n= 35 n=37 n= 37 
MB3 0.290 -0.290# 0.082 . 0.218 0.277# 0.002 -0.132 0.054 0.140 -0.110 0.077 -0.334* -0.394* 
n= 37 n= 37 n=37 n=37 n= 37 n= 37 n=35 n= 35 n=35 n= 35 n= 35 n= 37 n= 37 
MY3 0.040 -0.040 0.346* -0.193 -0.235 -0.057 0.464** 0.299# 0.091 -0.084 0.083 0.155 0.182 
n= 37 n= 37 n= 37 n=37 n= 37 n= 37 n= 35 n= 35 n=35 n= 35 n= 35 n= 37 n=37 
C3 0.091 -0.091 0.109 0.150 0.174 0.339* -0.329# -0.233 0.030 0.032 -0.252 -0.302# -0.319# 
n= 37 n= 37 n= 37 n= 37 n=37 n= 37 n= 35 n= 35 n= 35 n=35 n= 35 n= 37 n= 37 
Continued on next page 
MFD2 Yield 2 MSL2 MSS2 FDSD2 CVD2 F>30 2 MFD3 FDSD3 CVD3 F>30 3 Yield 3 MSL3 MSS3 MB3 MY3 
Yield 2 0.039 
n= 122 
MSL2 0.104 0.023 
n= 122 n= 122 
MSS2 0.290*** 0.196* 0.363*** 
n= 122 n= 122 n= 122 
FDSD 0.656*** 0.046 -0.033 0.111 
2 n= 122 n= 122 n= 122 n= 122 
CVD2 0.452*** 0.046 -0.070 0.049 0.967*** 
n= 122 n= 122 n= 122 n= 122 n= 122 
F>30 2 0.737*** 0.010 -0.016 0.084 0.926*** 0.844*** 
n= 122 n= 122 n= 122 n= 122 n= 122 n= 122 
MFD3 0.326* -0.108 0.364* 0.217 -0.047 -0.133 -0.014 
n=37 n= 37 n=37 n= 37 n=37 n=37 n= 37 
FDSD -0.034 -0.211 0.042 -0.130 0.129 0.177 0.126 0.149 
3 n= 37 n=37 n= 37 n= 37 n= 37 n= 37 n=37 n= 37 
CVD3 -0.193 -0.115 -0.127 -0.220 0.137 0.225 0.116 -0.313# 0.888*** 
n= 37 n= 37 n= 37 n= 37 n= 37 n=37 n= 37 n= 37 n= 37 
F>30 3 -0.032 -0.090 0.011 0.032 0.023 0.054 -0.029 0.343# 0.705*** 0.501** 
n= 31 n=31 n= 31 n= 31 n=31 n=31 n= 31 n=37 n= 31 n= 31 
Yield 3 -0.035 0.666*** 0.060 0.215 -0.060 -0.075 -0.059 -0.042 -0.229 -0.193 -0.152 
n=37 n= 37 n=37 n·= 37 n= 37 n=37 n= 37 n= 37 n= 37 n= 37 n= 37 
MSL3 0.115 -0.187 0.434** 0.041 -0.085 -0.130 -0.060 0.195 -0.033 -0.144 -0.071 -0.088 
n= 37 n=37 n= 37 n=37 n=37 n= 37 n= 37 n=37 n= 37 n= 37 n= 37 n= 37 
MSS 3 -0.045 -0.051 0.214 0.624*** -0.355* -0.400* -0.415* 0.307# -0.191 -0.317# 0.171 0.112 0.011 
n= 37 n= 37 n= 37 n= 37 n= 37 n= 37 n= 37 n=37 n=37 n=37 n=37 n= 37 n=37 
MB3 0.019 -0.102 -0.286# -0.236 -0.006 -0.027 -<0.001 -0.308# -0.026 0.091 -0.351 # -0.021 -0.066 -0.098 
n=37 n= 37 n=37 n= 37 n=37 n=37 n= 37 n= 37 n= 37 n= 37 n=37 n=37 n= 37 n= 37 
MY3 0.081 -0.082 0.009 0.183 -0.092 -0.118 -0.110 0.335* 0.061 -0.105 0.158 0.183 -0.089 0.136 -0.101 
n=37 n= 37 n=37 n= 37 n= 37 n=37 n= 37 n= 37 n= 37 n= 37 n= 37 n= 37 n= 37 n=37 n= 37 
C3 0.190 -0.196 0.050 0.259 0.174 0.160 0.136 -0.013 0.235 0.241 0.191 -0.303 -0.010 0.149 0.038 -0.266 
n= 37 n= 37 n=37 n= 37 n= 37 n= 37 n= 37 n= 37 n= 37 n= 37 n= 37 n= 37 n= 37 n= 37 n= 37 n= 37 
IGFW: grease fleece weight; CFW: clean fleece weight; MFD: mean fibre diameter; MSS: staple strength; MSL: staple length; CF: comfort factor; CVD: coefficient of variation of 
fibre diameter; FDSD: fibre diameter standard deviation; C: curvature; MY: yellowness; ME: brightness 
Pearson correlation coefficients are shown as well as the level of significance: *** PS<O.OO 1; ** PSO.Ol; * PSO.05; # PSO.l 
Appendix J2: Phenotypic correlations between various wool traits measured for the sire Stoneyhurst half-sib family 
Traits! F>30 1 MFD 1 FDSD 1 CVD 1 Cl Yield 1 MSL 1 MSS 1 MB 1 MY1 
MFD1 0.484** 
n=35 
FDSD 1 0.814*** 0.290# 
n=35 n=35 
CVD1 0.625*** -0.125 0.912*** 
n= 35 n=35 n= 35 
C1 0.159 0.455** <0.001 -0.200 
n=35 n=35 n= 35 n=35 
Yield 1 -0.140 -0.417* 0.052 0.249 -0.317# 
n= 35 n= 35 0.769 n=35 n= 35 
MSL 1 0.027 -0.011 -0.021 -0.034 -0.178 0.02 
n=33 n=33 n= 33 n= 33 n= 33 n=33 
MSS 1 -0.025 0.361 * -0.232 -0.385* 0.238 -0.102 -0.196 
n=33 n=33 n= 33 n=33 n=33 n= 33 n= 33 
MB 1 0.027 0.248 0.099 -0.003 0.169 -0.196 -0.129 0.092 
n= 35 n=35 n=35 n=35 n=35 n= 35 n=33 n=33 
-0.383* -0.142 -0.340* -0.289# -0.301# 0.013 -0.111 -0.148 -0.292# 
n=35 n=35 n=35 n=35 n=35 n= 35 n= 33 n=33 n= 35 
lGFW: grease fleece weight; CFW: clean fleece weight; MFD: mean fibre diameter; MSS: staple strength; MSL: staple length; CF: comfort factor; CVD: coefficient of 
variation of fibre diameter; FDSD: fibre diameter standard deviation; C: curvature; MY: yellowness; MB: brightness 
Pearson correlation coefficients are shown as well as the level of significance: *** P:S;O.OOl; ** P:S;O.Ol; * P:S;0.05; # P:S;O.l 
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Appendix K: Statistical analysis results 
These results are available digitally on a compact disk. 
